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Abstract
The Venera missions to Venus produced spectrophotometric data that indicated the
Venusian surface possesses a high near infrared (IR) reflectivity. Mafic rocks (e.g.,
alkali and tholeiitic basalts), which occur over the entire surface of Venus, typically
possess minerals that cannot produce a high near IR reflectivity. Ferric-bearing minerals
are capable of producing a high near IR reflectivity, and consequently, several Fe*-
bearing minerals have been proposed to occur on Venus. A problem with the
occurrence of Fe3+-bearing minerals on Venus is that the low oxygen fugacity (<10"
bars) of the near-surface atmosphere may reduce the Fe3+ of the minerals. Experiments
were conducted to determine whether hematite, laihunite, oxyamphiboles, or oxyannites
could be metastable or stable (i.e., retain their Fe3 +) under the reducing conditions of
Venus. The redox conditions of the atmosphere were simulated by a Ni/NiO buffer in
an evacuated cell at 475*C, which can provide an oxygen fugacity that is slightly less
than that believed to exist for the near-surface atmosphere. The results of the
experiments indicate that hematite and laihunite cannot exist on Venus, while
oxyamphiboles and oxyannites remain as potential minerals that could produce the high
near IR reflectivity of the Venusian surface.
Measurements by the Magellan radar mission have indicated areas of low
radiothermal emissivity at the high elevations of Venus. A low emissivity may be
observed if the rock contains a highly conducting mineral in sufficient quantity to form
a loaded dielectric. Pyrite has been proposed to form a loaded dielectric, but the
stability of pyrite on Venus has been questioned. In an effort to determine whether
pyrite can occur on Venus, experiments and thermodynamic calculations were
performed. Experiments demonstrated that CO2 cannot oxidize pyrite to pyrrhotite or
magnetite. Thermodynamic calculations, which assume the effects of photochemical
processes are negligible in the near-surface atmosphere, were able to predict the
variation of the oxygen and sulfur fugacities with changes in altitude. The variations
in fugacities are such that a magnetite to pyrite transition can occur at 720K, or the
temperature corresponding to the planetary radius at which the high to low emissivity
transition occurs. The results from the experiments and thermodynamic calculations
support the theory that pyrite is responsible for the low emissivities observed at the high
elevations.
A fraction of the impact craters located in the lower elevations of Venus also have
low emissivities. Because pyrite is expected to be unstable at the lower elevations, Fe-
Ni sulfides have been postulated to produce the loaded dielectric at the impact craters,
with the Fe and Ni being provided by the projectiles that produced the impact craters.
The classes of meteorites with a sufficient amount of Fe and Ni to produce a loaded
dielectric are the iron and stony-iron meteorites. Statistical analyses demonstrate that
the frequency of low emissivity craters corresponds to the frequency at which iron and
stony-iron meteorites are observed as falls. Attempts at identifying a potential Fe-Ni
sulfide assemblage that could form a loaded dielectric were unsuccessful, however, as
a pentlandite-pyrrhotite assemblage was found to be unstable under Venusian conditions.
Nonetheless, the Fe-Ni projectile provides at least one theory by which the low
emissivity impact craters can be created.
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Chapter 1
Introduction
When the space race between the United States and the former U.S.S.R. is mentioned,
Americans proudly recall the Saturn V program and Armstrong taking "one small step for man,
one large step for mankind." Inherent in the space race, however, was the exploration of the
solar system. While America was first to conquer the challenge of placing a man on the moon,
the ambitious exploration of Venus by the former U.S.S.R. has never been equaled. Their
numerous Venera and Vega missions have provided much of the data that now exists about
Venus. Although America has contributed to the exploration of Venus via the Mariner, Pioneer
Venus, and Magellan missions, the former U.S.S.R. provided the cornerstone for advancing the
frontier of Venusian science.
Venus has now been the destination of planetary missions for nearly three decades. From
the frustrating infancy of the Venera and Mariner missions in the 60's, to the glory years of the
Venera, Vega, and Pioneer Venus missions in the 70's and 80's, to the recent and budget racked
high resolution radar mission of Magellan in the 90's, a fair amount of invaluable data about the
atmosphere and surface of Venus has accumulated. From the data, much has been discovered
about Venus: the planet is inhospitable due to the high pressures and temperatures at the
surface, the planet has experienced volcanism and is geologically active, the cloud tops contain
sulfuric acid, and the planet's surface is dry and has very little water in its atmosphere. Despite
all the efforts that have been put forth to date, several questions remain veiled in secrecy,
particularly those regarding the mineralogy of Venus.
The mineralogy of Venus has always been difficult to study because the harsh conditions of
Venus have limited the lifetime of the landers on Venus to several hours and the highly
reflecting cloud tops have prevented telescopic reflectance spectra of the surface from being
obtained. To add to the frustration, experimental and theoretical studies are difficult to conduct
due to the complex nature of the Venusian atmosphere. The Venusian atmosphere contains a
large number of different gases, all of which can affect the stability of minerals. Further
complexities also arise because most of the mixing ratios of the gases exhibit an altitude
dependence. The mixing ratio of a gas measured high in the atmosphere may not be
representative of its mixing ratio at the near-surface atmosphere where it can influence the
stability of a mineral. Despite the challenges presented in determining the mineralogy of Venus,
advances have been made, some of which are a consequence of the experiments and
thermodynamic calculations to be presented in the following pages.
An important contribution by the present study was the development of an experimental
technique in which the Venusian atmosphere can be simulated. The mineralogy of Venus has
been subject to erroneous results because of problems in simulating the Venusian atmosphere.
The atmosphere of Venus consists of 96.5% CO2, and thus a natural inclination in studying the
stabilities of iron-bearing minerals is to heat the minerals under CO2. Although this approach
was tried, and has been used by other researchers [Fegley et al., 1990, 1993; Treiman and
Fegley, 1991], the use of CO2 to simulate the Venusian atmosphere was abandoned because 02
impurities in laboratory grade CO2 can lead to an unrealistically high 02 mixing ratio with
respect to Venus. While CO2 might be the most abundant species in the Venusian atmosphere,
other gases are of significance in determining the stabilities of iron-bearing minerals. Two such
gases are 02 and S2. To simulate the 02 and S2 fugacities of Venus, Ni/NiO and FeS2/Fe..S
buffer systems were employed. In experiments described later, the solid buffer and mineral of
interest were placed in a glass tube, evacuated, and then sealed. When the evacuated tube is
heated to 475 *C, 02 or S2 fugacities are produced that are approximately equal to those believed
to exist in the Venusian near-surface atmosphere.
Chapters 2 and 3 will address the iron oxide and silicate mineralogy of Venus. Experiments
from the Venera and Pioneer Venus missions that provided information about the snrface
conditions of Venus will first be reviewed. From the results, two apparently conflicting
constraints emerge on the oxidation state of iron on Venus. The gas chromatography and Venera
"Kontrast" experiments indicated a reducing atmosphere with a CO mixing ratio of >10 ppm
and a corresponding equilibrium 02 fugacity of 104 bar [Florensky et al., 1983a,b]. On the
other hand, the analysis of the Venera spectrophotometric data indicated the presence of a
material that had a high reflectivity in the near infrared, a feature which correlates well with
reflectivity of hematite at 475*C [Pieters et al., 1986]. Given the low 02 fugacity of the
Venusian atmosphere, hematite should not be stable on Venus. With the impetus to find other
ferric-bearing minerals that would produce the high near IR reflectivity and yet be stable under
the reducing conditions of Venus, several ferric-bearing minerals were proposed to occur on
Venus. The stability of many of these minerals under conditions relevant to Venus have been
examined, with ferric-bearing oxyamphiboles and oxybiotites being the most likely candidates
to reconcile the contradiction between the reducing conditions of the atmosphere and the
spectrophotometric data.
Chapters 4 explores the implications of the Pioneer Venus and Magellan radar missions.
Pioneer Venus and Magellan indicated regions of low radiothermal emissivity (or high radar
reflectivity). The regions of low emissivity are characterized as occurring in the highlands and
at several craters in the low lying plains. The initial explanation for the low emissivities called
for the presence of a mineral, with a high electrical conductivity, that could produce a loaded
dielectric out of basaltic rock. Pyrite was the first mineral suggested [Pettengill et al., 1982],
but questions remain about its stability on Venus. Studies have claimed that CO2 will rapidly
weather pyrite, and consequently pyrite could never be found in sufficient abundance to cause
the low emissivities [Fegley et al., 1993, 1992a,b]. Thermodynamic calculations, however, have
shown that magnetite will be weathered by SO2 to produce pyrite at high altitudes [Kiose et al.,
1992]. The resolution of the apparent inconsistencies between the two studies is one of the focal
points of Chapter 4.
In Chapter 4, experimental results and thermodynamic calculations are presented that attempt
to reconcile the contrasting results of Fegley et al. [1990, 1992a,b, 1993] and Kiose et al.
[1992]. The experiments demonstrated that iron sulfides are resistant to oxidation by CO2 if the
CO 2 is free of 02. The thermodynamic calculations demonstrated that the 02 and S2 fugacities
vary with changes in elevation. In terms of Venusian mineralogy, the pyrite, pyrrhotite, and
magnetite stability fields were determined by the fugacities of 02 and S2. The stability fields
produced indicated that pyrite can be stable at the higher elevations of Venus, where the low
emissivities exist. One problem exists with this result: the atmospheric conditions required to
produce the stability of pyrite at the appropriate elevation dictate that the mixing ratio of CO be
slightly lower than that measured by the Venera and Pioneer Venus probes. Nonetheless, the
experimental results and thermodynamic calculations suggest that pyrite can exist on Venus.
The cause of the low emissivities at the impact craters ia also addressed in Chapter 4. If
pyrite is a stable mineral at high altitudes, then it must occur as a metastable mineral at the
impact craters if it is responsible for the craters' low emissivities. Experiments presented in
Chapter 4 will demonstrate that pyrite cannot be metastable under the S2 fugacity expected at the
impact craters. As such, an entirely different mineral or mechanism is required to produce the
low emissivities. The mechanism postulated to occur is that the projectile producing an impact
crater introduces enough Fe and Ni to subsequently form a loaded dielectric. Two problems are
associated with the model: first, the amount of Fe and Ni delivered by the projectile may be
insufficient to produce a loaded dielectric, and second, the Fe-Ni sulfide that could produce the
loaded dielectric has not been identified. At the Sudbury, Ontario crater, an Fe-Ni projectile
produced the deposition of a pentlandite-pyrrhotite assemblage. Unfortunately, experimentation
and thermodynamic arguments suggest that pentlandite and pyrrhotite should be unstable at the
elevations of the low emissivity impact craters on Venus. Despite this negative result, several
other Fe-Ni sulfides exist that could form the loaded dielectric. Furthermore, the formation of
Fe-Ni sulfides at the impact craters, using iron and stony-iron projectiles as the sources of Fe
and Ni, is reasonable based on statistical analyses. Statistical analyses to be presented
demonstrate that the frequency of the low emissivity impact craters is almost equal to the
frequency by which iron and stony-iron meteorites are observed as falls. Although problems
are associated with the Fe-Ni projectile hypotheses, the proposal provides at least one theory by
which the low emissivities at the impact craters can be produced.
Chapter 2
Characterization of the Venusian Atmosphere and Surface
Introduction
Most of the data gathered about Venus has come from the Pioneer Venus, Venera, and Vega
missions. Several types of measurements were made that are relevant to determining the
mineralogy of Venus. These measurements included near IR and visible spectroscopy (Venera
9, 10, 13, and 14), y-ray spectroscopy (Venera 8, 9, and 10 and Vega 1 and 2), x-ray
fluorescence spectroscopy (Venera 13 and 14 and Vega 2), gas chromatography (Pioneer Venus
and Venera 11, 12, 13, and 14), and the "Kontrast" experiment (Venera 13 and 14), which was
designed to measure the CO mixing ratio of Venus' near-surface atmosphere. With the
exception of the Pioneer Venus and the Venera 11 and 12 probes, all of the above missions were
landers that transmitted data about Venus' surface back to Earth. Because of the potential
differences between the various regions of Venus, knowledge of where the landers obtained their
data is important. The most conspicuous regions of Venus are the areas of low emissivity above
the planetary radius of 6054 km (2.5 km). Unfortunately, as Table 2.1 indicates, none of the
landers landed at the higher elevations. The Venera landers were spread across the lowlands
near the Phoebe Regio rise, while the Vega landers were just west of Aphrodite Terra, a
highland of Venus. Although it would be useful to have data for the high elevations, many of
the experimental results can be applied to the high elevations. The purpose of this chapter is to
outline the results of the various space probes and to explore how these results provide
constraints on the mineralogy and atmosphere of Venus.
Table 2.1: The location and elevation of the landers that transmitted geochemical data from the
Venusian surface to Earth [Collins, 1985, Surkov et al., 1984; Moroz, 1987]. The elevations
are relative to the mean planetary radius of 6051.5 km [Weitz and Basilevsky, 1993].
Lander Coordinates Elevation
Lat. Lon. (km)
Venera 8 100 S 335 0E 0.4
Venera 9 31 *N 291*E 1.4
Venera 10 15.4 0N 291.5 0 E 0.5
Venera 13 7.5 0S 303.7 0E 0.8
Venera 14 13.4 0 S 310.2 0E 0.8
Vega 1 8.1*N 176.7*E -0.2
Vega 2 7.2 0 S 197.4 0E 1.1
The Venusian Atmospheric Gases
Structure and Composition of the Venusian Atmosphere
The Venusian atmosphere consists of different regions, each with unique characteristics.
Clouds and haze extend from 30 to 90 km above the surface of Venus. The Pioneer Venus
probe detected three distinct cloud layers from approximately 47.5 to 70 km, with the middle
layer beginning and ending at 50.5 and 56.5 km, respectively. Located above and below the
clouds is a haze, with temperatures ranging from 480K at the bottom of the lower haze to 90K
at the top of the upper haze. From 30 km to the surface, the sulfuric acid particulates that form
the haze and clouds are absent. The atmosphere of Venus is clear in this region [Esposito et al.,
1983].
Table 2.2 lists several of the important constituents of the Venusian atmosphere; all but N2
and CO2 are present as trace constituents. Unfortunately, as indicated by Table 2.2, an altitude
dependence on some of the mixing ratios exists, emphasizing the importance of conducting
measurements close to the surface. The relatively small mixing ratios of trace constituent gases
are more susceptible to variation with the changes in temperature and pressure associated with
increasing altitude. For gases with larger mixing ratios, such as N2 and CO2, the mixing ratios
remain constant with increasing altitude.
Measurement of Oxygen and Carbon Monoxide
Experiments from the Pioneer Venus and Venera missions allowed the mixing ratios for CO
and 02 to be calculated. Two problems, however, were associated with the mixing ratios. First,
the data for the calculations were not collected on the surface of Venus, and second, the 02 and
CO mixing ratios led to conflicting results based upon equilibrium constraints. Ultimately, a
decision had to be made to either assume equilibrium was not being achieved in the atmosphere
or to conclude that some of the mixing ratios were in error. After reviewing how the data for
Table 2.2: Gaseous species detected in the Venusian atmosphere and their mixing ratios.
Adopted from Fegley and Treiman, 1992 and Fegley et at., 1992.
Gas Mixing Altitude Reference
Ratio
Co2
N2
02
CO
96.5 +0.8%
3.5 +0.8%
16 ±7 ppm
< 4x104
45 ppm
> 10 ppm
20-200 ppm
185 ±43 ppm
130 ±35 ppm
3 ±2 ppm
20 ppb
0.3 ppm
< 100 km
< 100 km
~42 km
surface
-32 km
surface
sub-cloud
sub-cloud
sub-cloud
< 20km
sub-cloud
-32 km
von Zahn et at.,
1983
von Zahn et al.,
1983
Oyama et al., 1980
See text
Bgzard et al., 1990
Florensky et al.,
1983a,b
Fegley et al.,
1992a,b
Oyama et al., 1980
Gel'man et al.,
1979
Hoffman et al.,
1980
San'ko, 1980
Bzard et al., 1990
H20
So2
H2S
Si-
COS
the 02 and CO were obtained, the evidence that assumes equilibrium and rejects the 02
measurements is more convincing than the evidence that assumes all the gas mixing
measurements are correct and that a non-equilibrium state exists.
The mixing ratio of 02 was measured by the Pioneer Venus gas chromatograph (GC), with
samples taken at altitudes of 51.6, 41.7, and 21.6 km. In the GC experiment, the gases were
separated by having different retention times on a chemical adsorbent. After the gas was
released by the substrate, the concentration of the gas was measured by two thermal conductivity
detectors. Ideally, different gases should have sufficiently different retention times in the column
and equal responses to the thermal conductivity detectors. For 02 and N2, this was not the case.
The retention times for 02 and N2 gave an adequate separation of peaks, but the response (i.e.,
peak width) was so much greater for N2 that resolving the 02 peak was not possible for the
reading at 21.6 km. As a result, the 02 contribution was reported as 43.6 ± 25.2 ppm and 16.0
+7.4 ppm at 51.6 and 41.7 km, respectively [Oyama et al., 1980].
The Venera GC differed from the Pioneer GC by having a series of three different
adsorbents, from which the amount of the gas retained was quantified by metastable ionization
detectors. The Venera design was superior to the Pioneer design because the retention times
were smaller for the Venera GC and the metastable ionization detectors provided a higher degree
of sensitivity. Despite the differences, the results between the Venera and Pioneer missions were
comparable. The Venera GC reported an 02 upper limit of 20 ppm below 42 km, which is
within the experimental error of the Pioneer results [Gel'man et al., 1979].
The mixing ratios of CO obtained by the Pioneer GC at the three altitudes 51.6, 41.7, and
21.6 km. were 32 +62/-22 ppm, 30 ±18 ppm, and 20 ±3 ppm, respectively [Oyama et al.,
1980]. The Venera 12 GC processed 12 samples between 42 km and the surface, with the
average CO mixing ratio being 28 ±7 ppm [Gel'man et al., 1979]. The Venera 13/14 missions
also reported a CO mixing ratio of 18 ± 4 ppm between 58 to 35 km [Mukhin et al., 1983].
In addition to the in situ measurements, a telescopic remote-sensing observation of the
thermal radiation emission peak at 2.3 pm on the night side of Venus has been made. The
results indicated a CO mixing ratio of 45 ppm at the 8 bar (32 km) region [Bzard et al., 1990],
which is higher than the in situ data, but nonetheless supports the CO figures provided by the
atmospheric probes.
Although the non-equilibrium mixing ratios of CO and 02 can be qualitatively explained by
photochemical processes [Prinn, 1985], the amounts of 02 and CO that were measured to coexist
are unreasonable. To gain better constraints on the CO and 02 mixing ratios, other calculations
and measurements of CO and 02 were made. Because the in situ measurement of CO from the
Venera and Pioneer Venus experiments agreed favorably with the telescopic remote-sensing
values, the CO figure is regarded as being accurate. Other considerations for 02 suggest that
the 02 mixing ratio is incorrect. If 02 existed at ppm levels in the Venusian atmosphere, and
given the total reservoir of S in the atmosphere, then S03 should be the most abundant sulfur-
bearing species. As reported by the atmospheric probes, SO3 was unobserved, while SO2 was
the most abundant species, indicative of reducing conditions and a low concentration of 02
[Craig et al., 1983]. As a result of 02 being out of equilibrium with SO2 and CO, the 02
mixing ratios reported by the Venera and Pioneer probes are regarded as being incorrect [von
Zahn, et al., 1983; Fegley et al., 1992a,b]. If the oxidation conditions are poorly constrained
at altitude, where most of the atmospheric measurements have been made, then a high degree
of uncertainty exists in understanding the oxidation conditions at the surface of Venus.
The "Kontrast" Experiment
An experiment which partially constrained the f, at the surface of Venus is the "Kontrast"
experiment of the Venera 13 and 14 landers. Attached to each of the landers' supporting rings
was a piece of asbestos paper with a surface layer of Na4 V20 7. The Na4V207 could determine
the oxidation conditions in one of three manners. If the V5+ of the Na4V20 7 is not reduced by
the atmosphere, then the initially high albedo (approximately 80%), and the white color of
Na4V20 7, will be unchanged. If V5+ is reduced to V'+ when the Na4V20 7 undergoes the
following reaction:
Na4V207. + CO2 + CO -a V204 + 2 Na2CO3, (2.1)
then the color of the indicator will change to blue and the albedo will decrease to <30% when
V20 4 is formed. For even greater reducing conditions, the V+ is reduced to V3+ by the
following reaction:
Na4V207 + 2 CO ,V 203 + 2 Na2CO3. (2.2)
In this case, the indicator in now black due to V203 . Each reaction signifies a possible fo, range
for various temperatures, as illustrated in Figure 2.1. By measuring the albedo of the indicator
in the photograph transmitted back to Earth, the fo, of the Venusian near-surface atmosphere
could be estimated [Florensky et al., 1983a,b].
Determining the albedo of the indicator was complicated by a layer of dust that collected
over the upper right and lower quarter of the indicator. To add even further confusion, two
published reports interpreting the albedo of the indicator contradict each other. In the first
report, Florensky et al. [1983a] claim "The comparison of the measured albedos to the different
features permits to infer albedo of the paper without dust ranged from 2 to <30% (Venera 13
and 14). Thus the sodium pyrovanadate on the surface of Venus was subject to darken. Hence
at thermodynamic equilibrium on the surface CO >10 ppm..." In a review chapter on
lithospheric-atmospheric interactions on Venus, Volkov [Volkov et al., 1986], who was a
secondary author with Florensky in [1983a], states, "Examination of the TV image of the
landing torus at the Venera 13 and 14 panoramas revealed that the albedo of the indication label
was extremely high, corresponding to the process of reduction." It is disconcerting that these
two published reports contradict each other.
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Figure 2.1: The vanadium oxide stability fields plotted as a function of 02 mole fraction and
temperature. The hematite-magnetite (HM) and quartz-fayalite-magnetite (QFM) stability fields
are also plotted as a reference. [Florensky et al., 1983a,b]
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Figure 2.2: A) The photograph of the Venera 13 "Kontrast" indicator, and B) a corresponding
key, showing: 1) the surface soil, 2) the support of the spacecraft with the agitator teeth, 3) a
shadow of the spacecraft, 4) the surface of the indicator, and 5) dust on the surface of the
indicator. [Florensky et al., 1983a,b]
Q I . V204
The image of the contrast indicator returned from the Venera 13 lander is shown in Figure
2.2. Dust is observed in the lower quarter and the upper right corner of the contrast indicator.
The majority of the indicator has a medium gray appearance, with two small white'areas
appearing on the middle left section. The appearance of the two bright areas is puzzling because
if the Na4V20 7 reacted with the atmosphere, then the whole plate should turn darker. Kinetic
constraints could provide an explanation, as an insufficient time may have passed for the
indicator to equilibrate, but this is unlikely. The reactions involving Na4V20 were equilibrated
in approximately 15 minutes in laboratory testing. The metallic plaque that initially protected
the indicator from the upper atmosphere, was fused at 380*C and withdrawn by aerodynamic
drag at approximately 12 km [Florenskey et al., 1983a,b]. Adding the time of descent to the
expected lifetime of the probe (i.e., how long it transmitted data back to Earth, which was 100
and 60 minutes for the Venera 13 and 14 landers, respectively [Selivanov et al., 1983b]), the
photograph of the indicator was probably taken after sufficient time for equilibration.
The grey color over the majority of the indicator is of concern because it could be the result
of a fine layer of dust instead of a reaction involving Na4V20 with the atmosphere. Although
dust was accounted for in determining the albedo of the indicator, how to quantify or rationalize
the amount or distribution of dust on the indicator and the lander's teeth would appear to be
difficult. For instance, there appears to be little or no dust on the teeth of the lander, but far
more dust on the low albedo portion of the indicator. An explanation was not given to account
for the differences.
The above discrepancies and the inability of the indicator to determine the CO mixing ratio
to a high degree of accuracy indicate that the "Kontrast" experiment was not perfect. The
"Kontrast" experiment, however, did provide data, albeit crude, for the near-surface atmosphere
which is consistent with the mixing ratio of CO determined by other means at higher elevations.
In this regard, the "Kontrast" experiment is invaluable.
Determination of the Hematite-Magnetite Stability Field
The upper limit to the oxygen fugacity of the near surface Venusian atmosphere is based
upon two assumptions: 1) the lower limit of the CO mixing ratio is 10 ppm, and 2)
thermochemical equilibrium exists between 02, CO and CO2 at the surface. Thermodynamic
data from the JANAF tables [Chase et al., 1985] was used with the following formula to provide
an f, over a range of temperatures [Fegley et al., 1992a,b]:
log,.f, = 2log,.(Xc/Xc) + 9.20 - 29621(± 19)/T. (2.3)
Assuming mixing ratios of 0.965 for CO2 and 10 ppm for CO, at 748K (475*C), an f' of
4.0x10-21 +2x1O-2 bar is calculated. The Pioneer Venus mixing ratio for CO of 20 +3 ppm at
21.6 km yields a correspondingly lower value for fa, which is 9.9x10- +2x10- bar.
Having established plausible values for f,, the oxidation state for iron-bearing minerals can
be assessed. Calculating the fo, for the hematite-magnetite boundary curve is accomplished via
the following expression [Fegley et al., 1992a,b]:
log,fo2 = 14.71 - 25790(±600)/T. (2.4)
At 748K, the f,2 at the hematite-magnetite boundary is 1.7x10- (-1.4x10-, +9.0x10'-) bar.
With the conservative estimate of a 10 ppm CO mixing ratio and a corresponding
thermochemical equilibrium fo, of 4.0x10- bar, the fo, is more than an order of magnitude from
the hematite-magnetite boundary (Figure 2.3). With the more probable mixing ratio of 20 ppm
for CO and the correspondingly lower fo2, the stability of hematite is driven even further from
the hematite-magnetite boundary, and thus magnetite is regarded as the stable iron oxide phase
on Venus.
The Spectrophotometric Data
Description of the Spectrophotometric Data
The spectrophotometric data of the Venera 9, 10, 13, and 14 missions suggest hematite is
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Figure 2.3: The hematite-magnetite boundary curve, as predicted by equation 2.10 [Fegley et
at., 1992a,b]. The dashed lines represent the uncertainties associated with the thermodynamic
data, and hence the equation.
present on Venus instead of magnetite. Analysis of the spectrophotometric data indicated a high
reflectivity in the near infrared region. Laboratory experiments demonstrated that basalts, which
are believed to exist on Venus, have a low reflectivity in the near IR. Hematite, on the'other
hand, when heated to 475*C, has a relatively high reflectivity in the near IR. Because the
reflectance of hematite at 475*C in the near IR compared favorably with that determined from
the Venera data, hematite was suggested to occur on Venus, even under conditions believed to
be too reducing for hematite to be stable. [Pieters et al., 1986]
Two types of spectrophotometric data were provided by the Venera landers. The Venera
9 and 10 landers were each equipped with a wide angle photometer that measured the albedo of
the surface. Albedo measurements were made at five channels between the mid-visible and the
near IR regions at approximately 0.54, 0.61, 0.67, 0.76, and 0.87 ym [Ekonomov et al., 1980].
The Venera 13 and 14 landers were each equipped with two scanning cameras that obtained
multi-spectral images at three wavelengths. The resulting individual images were subsequently
combined to produce a color image. The three channels selected for the images had band widths
of 80 nm and were centered at 0.44, 0.54, and 0.63 ym, corresponding to the colors blue,
green, and red [Selivanov et al., 1983a,b; Pieters et al., 1986].
Two types of panoramas of the Venusian landscape at the Venera 13 site were produced.
The first image used the raw data collected from the cameras. The most noticeable characteristic
of the image was the orange hue. The Venusian atmosphere effectively filters out the blue and
ultraviolet light from the sunlight, which results in the orange hue at the surface (the blue
channel failed to detect any light due to the small amount of blue light that manages to penetrate
the atmosphere). The second image produced from the Venera 13 data corrected for the loss
of blue light and showed the landing site as if "white light" (or regular sunlight) illumination was
present. The results of the convoluted process to correct for the lack of blue light produced an
image of rocks that are essentially grey. [Pieters et al., 1986]
The "white light" illumination image suggests that hematite, or any type of Fe3+-bearing
mineral that strongly reflects red or orange light, is not present on Venus. If such minerals were
present, then the panorama of Venus might have looked similar to those returned from the
Viking landers on Mars. The absorption characteristics of minerals, however, are dependent
upon temperature, with minerals on Venus being no exception.
The Absorption Spectrum of Hematite
Hematite strongly reflects red light at room temperature because of two types of electronic
transitions. The fundamentals of the transitions can be understood with molecular orbital and
crystal field theory. Both theories recognize that the absorption characteristics of a mineral can
be explained with smaller complexes, or clusters. For example, hematite is simulated by a
[FeOjf octahedral cluster, where a Fe3+ cation is surrounded by six O2 anions. The electronic
transitions involve the valence orbitals of the Fe3+ cation (d orbitals) and OS anions (p orbitals).
Valence orbitals involved in the transitions are predicted from the linear combination of atomic
orbitals, and they are illustrated in Figure 2.4. The first transition is a ligand -- metal charge
transfer transition, where one of the non-bonding tlu electrons of O is excited to the tg or eg
anti-bonding orbitals of Fe3+ [Sherman, 1984]. Charge transfer bands tend to absorb light very
strongly [Burns, 1993]. In the spectrum of hematite, for instance, greater than 95% of the light
from the absorption edge at 0.55pm to the UV region is absorbed (Figure 2.5).
Crystal field theory describes the second electronic transition observed in hematite. Five
electrons occupy the five d orbitals of Fe'+. Crystal field theory treats the six O1 anions as
point charges (located along the x, y and, z axes for hematite) and ignores the valence orbitals.
Point charges in an octahedral complex remove the degeneracy from the five d orbitals by
increasing the energy of the two orbitals that lie along the x, y, and z axes, while decreasing the
energy of the three orbitals which lie between the axes. The effect of the point charges is
2tg
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Figure 2.4: An approximate spin-restricted molecular orbital energy diagram for the octahedral
cluster [FeO6]* [Karplus and Porter, 1970]. The linear combination of atomic orbitals produces
a t1, non-bonding orbital (of 0 2p character) and the tg and e, anti-bonding orbitals (of Fe 3d
and 0 2p character) [Sherman, 1984].
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Figure 2.5: The reflectance spectrum of hematite with its crystal field absorption peaks at 0.64
and 0.87 pm and its strong charge transfer absorption edge at 0.55 ym.
0.40
0.30
C-
CUJ
0*i
4>
a)
0.20
0.10 -
0.30
illustrated in Figure 2.6, where the d e and d e. orbitals (ed have a higher energy than the d1,,
d., and d, (t) orbitals. Figure 2.6 also illustrates that Fe"+ has a high spin configuration. The
high spin configuration avoids electron repulsion by having unpaired electrons in separate
orbitals. With regard to Fe3+, the high spin configuration provides more stabilization than the
low spin configuration (where all of the electrons are paired in the lower energy (t2,) orbitals).
[Burns, 1993]
The crystal field transitions that occur for Fe3+ are spin-forbidden. A spin-forbidden
transition involves a spin +% electron reversing its spin to -% when paired with another
electron. Several types of spin-forbidden transitions are observed with the high spin
configuration of Fe3+: 'AI, -+ 4Tig, 6AIg -. *T2, and 6Aig -+ 4Aig, 4E9. The transitions are
illustrated in Figure 2.7, with the 'Al, -+ 4Tig, 6AIg -1 *T2,, and 6Ai, -1 4AI,, 4E, transitions
corresponding to 0.87, 0.64, and 0.44 ym, respectively (the last transition is largely obscured
in hematite by the charge transfer peak) [Sherman et al., 1982]. The spin-forbidden transitions
are significantly weaker than the charge transfer transition, but are stronger than the typical spin-
forbidden transitions due to magnetic coupling between adjacent Fe iron atoms [Sherman, 1984].
The assignment of electronic transitions for hematite also applies to other minerals that
contain [FeO6J octahedra (excluding minerals that contain Fe2 + or other transition elements).
Distortions in the [FeOJ octahedron or changes of Fe-O bond lengths will alter the absorption
spectrum from that of hematite. The effects of the modifications are sufficiently small such that
Fe3+-bearing minerals will still have an absorption spectrum that is similar to that of hematite.
Consequently, Fe3+-bearing minerals, such as hematite, are usually associated with an orange
or reddish color.
The Reflectance Spectra for Rocks on Venus
High temperatures, such as those encountered on Venus, affect the spectra of minerals by
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Figure 2.6: The high-spin configuration for Fe' in octahedral coordination, demonstrating the
increase in energy of the e, orbitals relative to the t2, orbitals. [Burns, 1993]
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Figure 2.7: Spectroscopic transitions of the crystal field orbitals for the [FeOj cluster
[Sherman, 1984; Burns, 1993].
broadening the absorption bands and by having the absorption bands move to longer
wavelengths. When minerals are heated, thermal expansion results in longer bond lengths. If
the increase in bond lengths are applied to crystal field theory, the effect of the negative
electrostatic point charges about the central cation diminish. As a result, the energy between the
crystal field orbitals and the bonding and anti-bonding orbitals decreases. When electronic
transitions now occur at elevated temperatures, whether they be charge transfer or crystal field
transitions, the energy required for the transition has decreased, resulting in the absorption
transitions at longer wavelengths. [Burns, 1993]
Broadening of electronic transition absorption peaks at higher temperatures is related to the
increase in vibrational motions of the atoms. For an electronic transition to occur, the electric
field of the incident electromagnetic radiation must interact with the dipole moment of the
molecular cluster. A problem is encountered with octahedral clusters, such as [FeO6]1, because
a center of inversion is present. When a cluster possesses a center of inversion, a dipole
moment cannot exist, and consequently, an electronic transitions cannot occur. The vibration
of molecules, however, relaxes this constraint by distorting the octahedral complex. At low
temperatures, where molecules vibrate slowly and within a relatively confined area, a few energy
states are created. At high temperatures, the distances that molecules vibrate are greatly
increased, thereby creating a wide range of energies at which absorption can occur. Because
there is a finite number of atoms for electronic transitions, transitions that occur at high
temperatures and absorb on the flanks of absorption peaks take place at the expense of transitions
that occur at low temperatures and at the center of peaks. The net effect is to broaden the
absorption peak. [Shennan et al., 1982]
The effect of temperature on the reflectance spectrum of hematite has been studied in the
laboratory, with the results illustrated in Figure 2.8. By 500*C, peak broadening has eliminated
the changes in slope of the spectrum which allowed the crystal field transitions to be recognized.
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Figure 2.8: Reflectance spectra of hematite at temperatures ranging from room temperature to
500*C [Pieters et al., 1986].
More important, though, is the shift of the absorption peaks to longer wavelengths. The
electronic transitions that made hematite red at room temperature have been shifted toward the
near IR. At 500*C, hematite was reported to be black. [Pieters et al., 1986] '
Reflectance spectra of different types of rocks, both with and without hematite, were
obtained at room temperature and 500*C (Figures 2.9 and 2.10). The spectra of the basalt
samples are of interest given the probability of basalt on Venus. The spectra of basalt, in which
only Fe" is present, do not show a significant variation with an increase of temperature. When
the basalt spectra are contrasted with the hematite spectra, however, an important property
emerges: while basalt and hematite may be differentiated at room temperature, at 500*C both
samples are black and can only be differentiated at longer wavelengths where hematite has a
higher reflectance. These results, combined with the color panoramas of Venera 13 which
depicted grey rocks, suggest that the occurrence of hematite on Venus cannot be eliminated from
the visible wavelength observations. [Pieters et al., 1986]
The Venera 9 and 10 wide-angle photometers provided data in the near IR to differentiate
between basalt and hematite. Figure 2.10 shows the reflectance measurements at approximately
0.54, 0.61, 0.67, 0.76 and 0.87 pm by the Venera photometers. The data points at 0.76 and
0.87 pm are particularly crucial. At 0.76 ym, hematite has the highest reflectance and basalt
the lowest reflectance, while the reflectance of the Venusian surface is between the two
extremities. Maroon and red cinder, both which contain hematite that can be spectroscopically
detected at room temperature, provide the best approximation to the observed reflectance of the
Venusian surface. While measurements of the laboratory samples were not taken at 0.87 pm,
extrapolation of the maroon and red cinder spectra create a reflectance lower than that of the
Venera data. The deficiency could easily be accounted for by the further addition of hematite
to the rocks. Nonetheless, based upon the spectrophotometric data of the Venera missions,
substantial evidence led to the suggestion that hematite may exist on the Venusian surface.
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Figure 2.9: Laboratory reflectance spectra at room temperature of hematite and basaltic
materials. The characteristic absorption edge of hematite at 0.55 pm is visible in the hematite
(H), red cinder (RC), and maroon cinder (MC). Unweathered basalt (B), black cinder (BC),
and magnetite (M) fail to show any absorption peaks typical for hematite. [Pieters et al., 1986]
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Figure 2.10: Laboratory reflectance spectra collected at 500*C for the materials of Figure 2.9.
These spectra are compared to the reflectance measurements of the Venusian surface by
assuming an equal reflectance at 0.56 pm. For the laboratory materials, the greater the Fe3'
component, the higher the reflectivity. Hence, the suggestion that hematite may occur on Venus.
[Pieters et al., 1986]
[Pieters et al., 1986]
Two conflicting arguments for the existence of hematite on Venus have been proposed. The
f, of the Venusian atmosphere, which was derived from the data of the "Kontrast" experiment
and thermodynamic arguments, suggests that magnetite, and not hematite, is the stable iron oxide
on the Venusian surface. The spectrophotometric data suggest, however, that hematite is
present. Several proposals have been made to reconcile the contrasting results. The first
suggestion was that hematite might exist as a metastable phase [Pieters et al., 1986]. Other
minerals that possess Fe" and give appropriately high reflectance in the near IR, have also been
proposed. The minerals include laihunite [Fegley et al., 1992ab], oxyamphiboles [Straub and
Burns, 1993; Burns and Straub, 1992], and oxybiotites [Straub and Burns, 1993; Burns and
Straub, 1992]. Before elaborating on these possibilities and describing the experimental results
that determine which minerals could occur on Venus, the Venusian surface will be characterized
so that the various mineral proposals may be understood.
The Venusian Surface
The information for determining the rock types that could occur on Venus came from two
types of experiments. Aboard the Venera 8, 9, and 10 and the Vega 1 and 2 landers were -y-ray
spectrometers designed to measure concentrations of the radioactive elements K, U, and Th
[Surkov et al., 1973, 1976, 1986a, 1987]. The amounts, or ratios, of these elements were
intended to be compared with the ratios observed in various types of terrestrial rocks, and
thereby determine the rock type on Venus. The second experiment was x-ray fluorescence
spectroscopy, which is capable of detecting elements heavier than Na. X-ray fluorescence
analyses were returned from the Vega 2 and Venera 13 and 14 landing sites [Surkov et al., 1983,
1984, 1986b,c].
Results from y-Ray Spectroscopy
The initial characterization of the Venusian rock by the Russians involved the detection of
the radioactive elements K, U, and Th because these elements could be detected by a "Y-ray
spectrometer (y-ray spectroscopy was the only type of analysis which would allow the rocks to
be sampled without having to expose instrumentation to the harsh conditions of Venus) [Surkov
et al., 1983a]. On Earth, K, U, and Th are incompatible elements due to their large ionic radii.
As a result, K, U, and Th are elements that will remain in the melt with the crystallization of
the minerals observed in the upper mantle (i.e. olivine, orthopyroxene, clinopyroxene, spinel,
and garnet) [Hughes, 1982]. Thus, rocks that are mafic, and possess minerals such as olivine
and clinopyroxene, will have low amounts of the incompatible elements. On the other hand,
rocks with high amounts of incompatible elements will be silicic, as is the case with granite.
Two trends are observed with the y-ray spectrometer results presented in Table 2.3. First,
the concentrations of radioactive elements observed for four of the landing sites are characteristic
of the ratios for tholeiitic basalts on Earth [Surkov et al., 1983, 1984, 1986a]. Second, the
landing site of Venera 8 possesses a high K concentration. Implications for the types of minerals
that can be expected from these results will be considered with the review of the x-ray
fluorescence data.
Results from X-Ray Fluorescence Spectroscopy
The x-ray fluorescence data for the Venera and Vega missions are presented in Table 2.4.
The major XRF elemental analyses (Si, Mg, Fe, Al, and Ca) confirm the earlier y-ray
spectroscopy results that suggest basaltic rocks exist on Venus. Other findings of the XRF
analyses included the high Ti readings at the Venera 13 and 14 sites and trace amounts of Mn
at each of the sites. Also of note is the 4% K20 at the Venera 13 site, similar to the high K at
the Venera 8 site. At the Vega 2 site, a high S content (4.7% as SO3) was detected, which has
Table 2.3:
spectroscopy
Abundances of potassium, uranium, and thorium as determined by y-ray
[Surkov et al., 1987].
Concentration, Weight %
Lander
Potassium Uranium, 104 Thorium, 104
Venera 8 4.0 ±1.2 2.2 +0.7 6.5 ±0.2
Venera 9 0.47 ±0.08 0.60 ±0.16 3.65 ±0.42
Venera 10 0.30 ±0.16 0.46 +0.26 0.70 ±0.34
Vega 1 0.45 ±0.22 0.64 ±0.47 1.5 +1.2
Vega 2 0.40 +0.20 0.68 +0.38 2.0 ±1.0
Table 2.4: Composition of the Venusian surface as determined by XRF [Surkov et al., 1986b,c
1983]. The Na2O was determined independently by Barsukov et al., 1986.
Concentration, Weight %
Oxide Vega 2 Venera 13 Venera 14
MgO 11.5 +3.7 11.4 +6.2 8.1 +3.3
A120 3  16 +1.8 15.8 +3.0 17.9 +2.6
SiO2  45.6 +3.2 45.1 +3.0 48.7 +3.6
K2 0 0.1 +0.08 4.0 ±0.63 0.2 +0.07
CaO 7.5 +0.7 7.1 +0.96 10.3 +1.2
TiO2  0.2 +0.1 1.59 ±0.45 1.25 ±0.41
MnO 0.14 +0.12 0.2 +0.1 0.16 +0.08
FeO 7.7 +1.1 9.3 +2.2 8.8 +1.8
SO3  4.7 +1.5 --
Na2O 2.0
Total 95.4% 94.5% 95.4%
implications concerning sulfides and the low emissivity regions. [Surkov et al., 1983, 1984,
1986b,c] The analyses summarized in Table 2.4 provide some interesting mineralogical
possibilities on Venus, but simultaneously constrain the problem to a manageable framework.
The elemental composition of the Venera 14 site closely follows the average elemental
composition of olivine tholeiitic basalt [Hughes, 1982]. The minerals present in olivine tholeiitic
basalt are plagioclase feldspar, high Ca pyroxene (augite or clinopyroxene), low Ca pyroxene,
(hypersthene or orthopyroxene), and olivine. Smaller amounts of magnetite, ilmenite, apatite,
orthoclase, and quartz may be present as accessory minerals [Mottana et al., 1978; Hughes,
1982]. On the basis of the low P content, however, apatite should not be present in these rocks.
Accidentals, such as biotite and titaniferous hornblende may also occur in basalts [Mottana et
al., 1978]. The lack of K at the Venera 14 site precludes biotite from occurring, but the
possibility of hornblende occurring cannot be eliminated; kaersutite, the Ti-rich hornblende,
could be a host for the Ti detected.
In comparison, the Venera 13 (and Venera 8) rock contains high amounts of K, and has been
characterized as alkali basalt [Surkov et al., 1986a, 1984]. The major difference between alkali
basalt and olivine tholeiitic basalt is the absence of hypersthene in alkali basalt. The other
essential minerals noted to occur in olivine tholeiitic basalt (plagioclase, calcic pyroxene, and
olivine) are present in alkali basalt as well, although the augite in the alkali basalt may be
titaniferous. The accessory minerals of alkali basalt that also occur as accessory minerals in
tholeiitic basalt are magnetite, ilmenite, orthoclase, and apatite [Mottana et al., 1978; Hughes,
1982]. Quartz is not an accessory in alkali basalt, as the K assists in forming leucite at the
expense of quartz. Hornblende and biotite are accidentals [Mottana et al., 1978], except that
with the increase in K in alkali basalt, biotite can be considered a sporadic accessory.
At the Vega 2 site, olivine gabbro-norite was identified as the third rock type to occur on
Venus [Surkov et al., 1986b]. Unlike the basalts previously described, gabbro and norite are
intrusive rocks that are sometimes associated with massive iron sulfide deposits. The high sulfur
content detected by XRF is consistent with the occurrence of sulfide deposits, but the sulfur in
the rock may have been deposited from weathering when the rock was exposed to the Venusian
atmosphere, and not from a magmatic event. As comparison between the three XRF analyses
indicate, the normative mineralogy between the basalts and the olivine gabbro-norite are similar.
Olivine gabbro is similar to alkali basalt because each possesses plagioclase, olivine, and
clinopyroxene as essentials, magnetite, rutile, ilmenite, titanite, apatite, and sulfides as
accessories, and corundum, biotite, hornblende and garnet as accidentals (note orthopyroxene
is also absent in both cases) [Mottana et al., 1978]. Norite is similar to tholeiitic basalts because
each possesses plagioclase, orthopyroxene, and clinopyroxene as essentials, olivine, magnetite,
ilmenite, and sulfides as accessories [Motana et al., 1978; Hughes, 1982], and biotite,
hornblende and cordierite as accidentals [Mottana et al., 1978].
Conclusion
To explain the high near IR reflectivity observed at the Venera 9 and 10 landing sites,
several Fe'-bearing minerals have been proposed to occur on Venus: hematite, laihunite,
oxyamphiboles, and oxybiotites. All have problems associated with their occurrence on Venus,
however. If hematite is stable, the near-surface atmospheric oxygen fugacity must be greater
than that determined by the "Kontrast" and GC experiments, or else hematite must exist as a
metastable mineral. If laihunite, which is a variation of olivine, is responsible for the high
reflectivity, the presence of olivine is required. The normative mineralogy constraints on the
rocks indicate that olivine is not present at all the sites, including the Venera 9 and 10 sites,
where the near IR data were collected. The same problem exists for oxybiotite, which could
only be an accidental in many of the rocks sampled on Venus, except for those locales where
high concentrations of K were detected. Oxyhornblende is also an accidental in the types of
rocks detected, but based on the totals of the XRF analyses, the occurrence of oxyhornblende
cannot be eliminated. The stability or metastability of hematite, laihunite, oxyamphiboles, and
oxybiotites, despite any petrological arguments against them, is the subject of the next chapter.
Chapter 3
The Stability of Ferric-bearing Minerals on Venus
Introduction
Hematite, laihunite, oxyamphiboles, and oxybiotites were introduced as candidates to occur
on Venus under reducing conditions in the last chapter. To determine whether these minerals
can occur on Venus, experiments are required to study their stabilities under conditions
appropriate for Venus. The first attempt to study the stabilities involved a flow furnace, in
which a steady stream of CO2 could be supplied. Ultimately, however, a Ni/NiO buffer was
used, which when heated to 475*C in an evacuated quartz cell, provides an f, of 10 bar.
Although the Ni/NiO solid buffer system fails to simulate the Venusian atmosphere by being
slightly too reducing and does not provide the other gases present in the atmosphere, the buffer
is adequate to investigate the stability of the ferric-bearing minerals that may occur on Venus.
A Fe3+-bearing mineral was considered stable on Venus if none of the Fe3* possessed by the
mineral was reduced when heated with the Ni/NiO buffer at 475 *C. The reduction of the Fe3"
was analyzed via M6ssbauer spectroscopy and reflectance spectroscopy. M6ssbauer spectra were
obtained at both room temperature and at 4.2K. The M6ssbauer spectra at room temperature
were used to gauge the relative proportions of Fe2 + and Fe3 ' in the minerals, while the spectra
obtained at 4.2K were used to determine whether the Fe3* appearing in the room temperature
spectra was present as nanophase hematite. Reflectance spectra were obtained for the
oxyamphibole and oxybiotite minerals because the O-H absorption bands can be monitored to
indicate a change in the valence state of Fe.
The results from the M6ssbauer and reflectance spectra will demonstrate that hematite cannot
exist as a metastable phase and that laihunite is unstable on Venus. Alternatively, oxyamphiboles
and oxybiotes will be shown to be stable under Venusian redox conditions, but that limitations
exist on their stability. If an oxyamphibole contains a large amount of Fe", or if an oxybiotite
contains a large number of vacancies in the octahedral sites, the respective oxy-minerals appear
to be unstable. In addition to presenting a mechanism by which the oxy-minerals could be
formed, the consequences of the presence of the oxy-minerals on Venus, in relation to the lack
of water in the Venusian atmosphere, will also be discussed in this chapter.
Experimental Procedure
Selection of the Ni/NiO Buffer
Because CO2 is the most abundant species in the atmosphere of Venus, the approach initially
adopted to determine the stability of the minerals was to place the minerals in a flow furnace,
where a steady stream of CO 2 could be supplied. This experimental setup has been used in other
studies on the stability of minerals under a simulated Venusian atmosphere [Straub and Burns,
1991; Fegley et al., 1990,1993; Treiman and Fegley, 1991]. The use of CO2 to simulate the
Venusian atmosphere was ultimately abandoned due to the lack of control on the oxygen
fugacity. Under these experimental conditions, minerals are oxidized, which can be attributed
to the 30 ppm of 02 present as a contaminant in the typical laboratory grade CO2 . With such
a high 02 content in the C0 2, which is in contrast to the low oxygen fugacity of the Venusian
atmosphere, a different approach to simulating the Venusian atmosphere was adopted.
The Ni/NiO buffer was finally selected to simulate the Venusian atmosphere. When placed
in an evacuated quartz cell, and heated to 475 0C, a fa of approximately 10- bar is created
[Lindsley, 1976]. While this fa may be lower than the oxygen fugacity in the Venusian
atmosphere by one to three orders of magnitude, the Ni/NiO buffer is satisfactory for the
purposes of this study. If ferric-bearing minerals prove to be stable under the oxygen fugacity
of the Ni/NiO buffer, then they should also be stable under the more oxidizing conditions of
Venus. The only uncertainty with the Ni/NiO buffer is the case where the ferric-bearing
minerals are unstable under the Ni/NiO buffer. Ferric-bearing minerals unstable under the
Ni/NiO buffer could possibly be stable under the more oxidizing conditions of the Venusian
atmosphere. In the results to be presented, when a ferric-bearing mineral is found to be unstable
under the Ni/NiO buffer, the possibility of it being stable on Venus will be addressed.
The other negative aspect of the Ni/NiO buffer is the absence of the other gases that are
present in the Venusian atmosphere. One important gas that is missing is CO. In the Venusian
atmosphere, CO not only has a role in determining the oxygen fugacity, but may also be
effective at weathering because it is a strong reducing agent. While the oxygen fugacity of
Venus is adequately simulated by the Ni/NiO buffer, the Ni/NiO buffer does not provide the
weathering potential of CO. As will be explained in greater detail later, the mechanism by
which Fe" is reduced by the Ni/NiO buffer is through the acceptance of electrons from 02., to
form Fe2 + and 02, with the 02 subsequently effervescing from the surface of the mineral. The
02 is then consumed by the Ni to form NiO. The process continues until all of the Fe'+ is
reduced, at which point the oxygen fugacity of the Ni/NiO buffer is achieved. Bearing in mind
the mechanism by which Fe' is reduced, CO could not affect the stability of a mineral; a
mineral's stability is dependent upon the amount of 02 in the system, and not the presence of
CO per se. At most, the CO could act as a catalyst. If CO was adsorbed onto the surface of
a mineral, the CO could remove 02 from the surface via the formation of CO2. This process,
however, would only increase the rate at which a mineral is reduced, but not affect the stability
field of the mineral.
The Ni/NiO Buffer System
Powdered Ni and NiO were combined in a 2:1 ratio (by mass). The Ni and NiO were
thoroughly mixed by mashing with a spatula until the small clumps in the powder could not be
detected visibly. For each experimental run, the Ni/NiO buffer (150 mg) and the mineral
sample of interest (100 mg) were each wrapped separately in Ag foil to create small packets.
The Ag foil had been previously heated in a steady stream of H2 at 600*C for one hour to
reduce any oxide present on the foil.
Vycor tubing (9 mm) was used to create the cells, due to its low thermal expansion. After
using glass blowing techniques to enclose one end of the tube, the Ag packets were inserted.
The mineral samples were always inserted first to minimize the risk of oxidation during the next
glass blowing step. After inserting the minerals, the tube was drawn, via glass blowing, to a
diameter of approximately 1 mm at 1.25 cm above the Ag packet containing the Ni/NiO. The
tube was next quenched and connected to a vacuum pump. After an hour of evacuation, the tube
was sealed by vertically holding the tube above a beaker of water and heating the drawn out
section. A seal was formed as the tubing section with the minerals fell into the water. To
ensure that a vacuum existed in the cell, the top of the cell was gently heated. If the tube began
to collapse, a vacuum was successfully created. If the tube began to expand, the cell contained
air and was discarded.
A completed cell was typically 6.25 cm long, which corresponds to a maximum volume of
3 ml (the inner diameter of the tube is 7 mm). Assuming the vacuum pump was able to reduce
the pressure of the cell to 10 torr, and with 20% of the pressure due to 02, approximately 10-
moles of 02 remained in the cell after evacuation. This amount of 02 can be consumed by the
Ni of the buffer, and hence is not of concern as a contaminant.
The completed cells were heated in either a small pot furnace or a modified flow furnace.
Temperatures were measured with a thermocouple, although there was not a feedback system
to regulate the furnace temperature. Therefore, all temperatures are approximate, to within
15*C. The heating experiments were completed by quenching the evacuated cells in water.
Analysis of Results from Mossbauer Spectroscopy
M6ssbauer spectra were collected at two locales: the laboratory of Dr. R.G. Burns and at
the facilities of the Bitter National Magnet Laboratory (NML) at M.I.T. The M6ssbauer unit
at the former locale was an Austin Science Associates constant acceleration instrument equipped
with a 1024 channel multi-channel analyzer. The system was configured to obtain two spectra
simultaneously, each using 512 channels. The spectrometer at NML obtained a single mirror-
image spectrum over 1024 channels, and was then folded to obtain a spectrum with 512 points.
The M~ssbauer unit at NML also enabled spectra to be collected at 4.2K. In each case, the
source used for the spectra was 100 mCi of "Co in a rhodium matrix, which was often used past
several of its half lives (t, -270 days).
To prepare a mineral for M6ssbauer analysis, the mineral sample was added to powdered
sugar and acetone and mixed to assure a random orientation of the grains. After the subsequent
evaporation of the acetone, the sample was mounted in a plastic cell. Most of the spectra were
collected over the velocity range of f5 mm/sec. Only in the case of hematite and magnetite,
which display magnetic hyperfine splitting, was the larger velocity range of +10 mm/sec used.
Once collected, the areas of the peaks in the spectra were computed to obtain estimates of the
relative proportions of each iron species. A Gaussian, non-linear regression procedure,
contained in the modified program of STONE, accomplished this task. The absorption peaks
were resolved assuming Lorentzian line shapes, with the positions of the peaks being calibrated
against an a-Fe foil standard.
Analysis of Results from Reflectance Spectroscopy
Reflectance spectra were obtained at the Reflectance Experiment Laboratory (RELAB) at
Brown University. The spectrometer has a spectral range of 0.32 to 2.74 ym. The instrument
is designed to allow for the angles of the incident and reflected beam to be varied to simulate
conditions that are encountered when viewing a planet or asteroid. For the purposes of
monitoring the O-H absorption bands, the angle of incidence was 30* and the angle of emission
was 0*. The standard sampling resolution is 10 nm, although this can be increased to 1 nm.
The form of the sample being analyzed can have an effect on the percent of the incident radiation
reflected. The mineral samples were powders, with a typical grain diameter ranging from 74
to 250 jm, as determined by the different sieves that were used to separate the grains of
different size.
The Metastability of Hematite
The Mechanism of Converting Hematite to Magnetite
As discussed earlier, hematite was proposed to exist on Venus as a result of laboratory
reflectance studies of heated minerals. The contradiction between the reducing conditions of the
Venusian atmosphere and the stability of hematite was recognized, and thus hematite was
suggested to exist as a metastable phase. The metastability of hematite was given further
credence with the suggestion that the conversion of hematite to magnetite is a slow process
[Fegley et al., 1992a,b]. To determine whether hematite could be metastable on Venus, kinetic
studies conducted under Venusian conditions are required.
The conversion of hematite to magnetite was suggested to be a slow process based on a study
of the thermodynamic properties of magnetite and hematite [Hemingway, 1990]. The reasoning
behind the suggestion, however, may be flawed. The oxidation of magnetite to hematite (and
not the reverse reaction of hematite to magnetite) was noted to be a two step process, regardless
of the temperature of oxidation. In the first step, a solid solution of Fe2 03 is formed in the
magnetite via the diffusion of Fe' to the surface of the grain resulting from a gradient in the
02 potential. Eventually, the process can produce y-Fe203 (maghemite) on the outer surface of
the grain. The second step involves the conversion of the cubic inverse spinel structure of
maghemite to the hexagonal closest packed structure of a-Fe2 03 (hematite). At high
temperatures (>1200K), the conversion of maghemite to hematite is the rate limiting step. At
these temperatures, maghemite and magnetite form a solid solution. Because the conversion of
maghemite to hematite only occurs rapidly if hematite is in intimate contact with maghemite, the
growth of hematite is hindered due to the solid solution which prevents the necessary maghemite
nuclei from forming. The result is that the rate at which hematite appears is decreased. At low
temperatures, the solubility of maghemite diminishes, resulting in the disproportionation of
maghemite and magnetite. Although maghemite nuclei are now formed with relative ease, the
slow diffusion rates of the ions at lower temperatures is the rate limiting step of the reaction.
The conclusion reached is that the magnetite to hematite conversion is slow at high temperatures
due to solid solution and is slow at low temperatures due to the slow rates of diffusion.
[Hemingway, 1990]
The mechanism of the magnetite to hematite conversion is not similar enough to the hematite
to magnetite conversion to justify the conclusion that the latter process is also slow. When
hematite is heated in an evacuated cell with the Ni/NiO buffer, the maghemite phase will not
appear because maghemite is less stable than hematite. Consequently, upon heating, hematite
will not revert to the maghemite phase before being converted to magnetite. Instead, the first
step upon heating will be the diffusion of 02 from the hematite, with the 02 being formed when
02 donates electrons to Fe3+ to form Fe2 +. When a sufficient amount of Fe2 + has been
produced, the nucleation of the cubic phase magnetite can occur. Because magnetite and
maghemite are both cubic phases, it is conceivable that maghemite could form, and then when
Fe2+ diffuses into the maghemite, magnetite can be formed. M6ssbauer spectra of the hematite
to magnetite conversion do not support this latter mechanism, however. With the reversibility
of these two conversions in doubt, the slow magnetite to hematite conversion does not
necessarily imply that the hematite to magnetite conversion is also slow.
Kinetic Studies of Hematite to Magnetite Conversion
The confusion over the two processes of conversion, and their applicability to the
metastability of hematite on Venus, is easily resolved with experimentation. Because the rate
of conversion of hematite to magnetite was expected to be slow, the reaction rate was studied
not only at 475*C, but also at 6000C, 7000C, and 800 0C. With rates of conversion at various
temperatures, an activation energy could be calculated from an Arrhenius plot (n k versus 1/T,
where the slope of the line gives the energy of activation). If the conversion rate at 4750 C was
inhibited by kinetic barriers, then the reaction rates at higher temperatures could be used to
extrapolate a conversion rate at 475*C to determine if the conversion is sufficiently slow to
support metastable hematite on Venus.
Determining the Percentage of Magnetite via Mossbauer Spectra
The percentage of magnetite converted from hematite was calculated by using the outermost
peaks of the sextets in the M6ssbauer spectrum of the hematite and magnetite. As the magnetite
and hematite Mssbauer spectra illustrate in Figure 3.1, hematite has only one sextet, while
magnetite has a pair of sextets. The smaller, outermost sextet of magnetite corresponds to Fe"
in the tetrahedral sites of the inverse spinel, while the larger, innermost sextet corresponds to
the Fe' and Fe' located in the octahedral sites. The ratio of the areas of the larger peak to
that of the smaller peak is theoretically 2:1, and is a criterium to check the quality of fit when
areas involving magnetite are being calculated.
An example of a fitted spectrum is provided in Figure 3.1. The low velocity region of the
spectrum has one hematite and two magnetite peaks that are resolved. Unfortunately, the high
velocity region of the spectrum has the two magnetite peaks nearly superimposed. Because the
two peaks are superimposed, the two peaks are treated as one peak. Consequently, the two
peaks resolved in the high velocity region are considered to be one hematite and one magnetite
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Figure 3.1: A M6ssbauer spectrum of a sample containing both hematite and magnetite. The data
for Table 3.1 were obtained by computing the areas of the outer peaks of the sextets, as shown.
M6ssbauer spectra of pure hematite and magnetite are also shown for comparison.
peak. To fit the "five" outer sextet peaks, the initial parameters constrained to be equal were
the widths at half-height and the areas of the two hematite peaks. The data used to calculate the
percent magnetite were derived from the last fitting iteration, where all the areas and widths at
half-height were allowed to vary freely. The results presented in Table 3.1 were calculated by
averaging the results from the high and low velocity regions.
The Rapid Conversion of Hematite to Magnetite
Table 3.1 implies that the conversion of hematite to magnetite is a rapid process with respect
to geologic time scales. The rate at which magnetite formed at the expense of hematite is shown
in Figures 3.2-3.5. Comparison between the various temperatures confirms the expected result;
the hematite to magnetite conversion occurs more rapidly with increasing temperature.
Figure 3.6 plots the percent magnetite formed versus time. The plot originally planned was
In k versus T, but the plot in Figure 3.6 is sufficient for the purpose at hand. The results
depicted by the plot eliminate the possibility of hematite being metastable, primarily based upon
the observation that nearly 40% of the hematite was converted to magnetite in two days at
475*C. While reaction rate constants and an activation energy might be interesting to know,
their computation is complicated by the parabolic nature of the plots. The parabolic rates are
caused by the growth of a magnetite coating on the hematite grains, which then decreases the
rate at which the material of the hematite core can react. In a reaction where a protective
coating is not formed, such as a reaction in solution, the amount of product produced versus
time is often linear, from which the slope of the line yields the reaction rate constant. With the
parabolic lines, which has an infinite number of slopes for every line, the calculation of one
reaction rate per line (or temperature) is meaningless. If the conversion of hematite to magnetite
had been much slower (i.e. none of the hematite is converted to magnetite at 475*C), then a
range of reaction rates could have been extrapolated from the plots. Given the rapid rate of the
Table 3.1: The amount of magnetite produced when hematite is heated in an evacuated cell with
Ni/NiO.
Percent Magnetite Produced from Hematite
Temperature 2 Hours 4 Hours 8 Hours 1 Day 2 Days
4750 C < 10 < 10 13.36 21.10 37.70
6000 C 14.62 20.51 26.95 45.04 55.38
7000C 19.36 26.34 42.02 73.92 100.0
8000C 21.25 31.81 51.85 100.0 100.0
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Figure 3.2: The hematite to magnetite conversion at 475*C for 8 hours, 1 day, and 2 days.
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Figure 3.3: The hematite to magnetite conversion at 600*C for 8 hours, 1 day, and 2 days.
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Figure 3.4: The hematite to magnetite conversion at 700*C for 8 hours, 1 day, and 2 days.
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Figure 3.6: The percent magnetite formed from hematite versus time.
reaction, however, the extrapolation is unnecessary.
A hematite specimen was also heated at 475*C for 28 days. The result was surprising; not
all of the hematite was converted to magnetite. The explanation for the incomplete conversion
is that the Ni/NiO buffer was prematurely exhausted due to a protective NiO coating forming
on the Ni. To determine whether an oxide coating completely coats a metal grain, the ratio of
the volume of the metal oxide to the volume of the metal is calculated; values > 1 indicate that
the grain is completely coated with the oxide, while values <1 indicate that'the metal can still
be exposed with oxidation. The ratio for Ni/NiO is 1.7 (i.e., [74.7 g mol NiO/ 6.67 g ml1
NiO] / [58.7 g mol' Ni / 8.90 g ml4 Ni] = 1.7). The problem of reaction coatings of NiO on
Ni is overcome at higher temperatures where diffusion of O to the Ni core is greater, which
explains why 100% of the hematite could be converted to magnetite at 700*C and 800*C. The
complete conversion of hematite to magnetite at 475*C was not pursued further as the other
experiments sufficiently demonstrate that hematite cannot be metastable at 475*C on Venus.
Kinetic experiments involving larger grain sizes of hematite were also conducted. While the
reaction rates were slower for the larger grain sizes, the decrease in rate was not enough to save
the proposal of metastable hematite on Venus. Furthermore, the impetus for suggesting
metastable hematite on Venus, the near IR data, were obtained via a surface analysis technique.
If a large hematite grain developed a magnetite coating, but still retained the hematite core, a
near IR spectrum could not detect the hematite through the magnetite coating. In any case, the
evidence for the failure of metastability is overwhelming: hematite cannot be a metastable phase
on the Venusian surface.
The Stability of Laihunite
The Laihunite Superstructure
Laihunite is a defect olivine superstructure, in which vacancies in the olivine structure are
created to counter the additional charge presented by the occurrence of Fe''. The general
formula for laihunite is Oye(..) 2 *Fe) 3+SiO4 [Shen et al., 1986]. Laihunite is formed by the
oxidation of Fe2 + in the olivine, during which the diffusion of Fe from the olivine structure
occurs to create cation vacancies. The vacancies and the remaining Fe'+ and Fe2 + are ordered
in different periodicities to create a variety of superstructures. Laihunite 3C1, 3C2 , and 2C are
superstructures that have been identified [Shen et al., 1986].
Laihunite 3C2 is the superstructure that occurs predominantly in nature.' The c-axis of the
superstructure 3C2 is three times larger than the average cell length of olivine. As such, there
are six M1 and six M2 octahedral sites associated with this superstructure. Within the
superstructure, the M1 sites are transformed to four distinct sites: MIA, MIB, VA, and VB (the
VA and VB sites are vacant). Likewise, the M2 sites are transformed to M2A, M2B, and M2C
sites. The sites, as situated on the projection of (100), are shown in Figure 3.7 [Schaefer,
1985]. Not shown in Figure 3.7 is the distribution of Fe2 + and Fe3+ amongst the sites. The Ml
sites accommodate Fe2+ (and Mg2+), while the M2 sites contain both Fe2+ and Fe3+ [Schaefer,
1985, Kitamura et al., 1984; Sueno et al., 1985]. An important feature to also note is that Fe
has been removed from the M1 sites of the structure and that oxygen has not been added to the
olivine structure as a result of oxidation.
The Occurrence of Terrestrial Laihunite
The occurrence of laihunite has been reported from diverse environments, ranging from
magnetite ore, metamorphic rock, and igneous rock [Iishi et al., 1989]. What makes laihunite
such an attractive candidate for Venus is that it occurs in magnetite ore, implying the stability
field of laihunite lies between the quartz-fayalite-magnetite and hematite-magnetite boundary
curves. If laihunite is produced by the oxidation of fayalite, then this constrains the oxygen
fugacity to be higher than that of the quartz-fayalite-magnetite buffer. Because hematite does
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as VA and VB) at the M1 sites. [Shen et al., 1986]
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not appear with laihunite in most natural samples, this further constrains the oxygen fugacity to
be lower than that of the hematite-magnetite buffer. The accepted mixing ratios of CO, which
suggests that the oxygen fugacity of the Venusian atmosphere is between the oxygen fugicities
of the QFM and HM buffers, in conjunction with laihunite occurring with magnetite, adds merit
to the proposal that laihunite could occur on Venus.
Laihunite, on a microscopic scale, has distinctive grain boundary characteristics which are
dependent upon the conditions under which laihunite was formed. Laihunite can be synthesized
in the laboratory by oxidizing olivine under controlled oxygen fugacities (via appropriate C0 2/H2
mixing ratios) [Shen et al., 1986; Tamada et al., 1983]. In one study [Shen et al., 1986],
fayalite was oxidized at 400*C, 600*C, and 700*C. Under these heating experiments, the
hematite and amorphous silica produced were always in contact with laihunite at the sharp grain
boundaries. Two types of laihunite were produced in these oxidation experiments: laihunite 3C,
and laihunite 2C. While these laihunite superstructures are easily produced in the laboratory,
few locales in the world have produced these superstructures [Sueno et al., 1985]. For the
laihunite commonly found in nature, laihunite 3C2, hematite and silica are never observed at the
grain boundaries. Instead, magnetite crystals are usually inter-grown with the laihunite [Kondoh
et al., 1985; Shen et al., 1986]. These mineral associations provide a clue to the fate of oxygen
which oxidized the Fe2+ ions in fayalite: the oxygen resides in the hematite or magnetite, and
not in the laihunite.
Selection of the Laihunite Sample for Study
A naturally occurring laihunite sample, which contained magnetite, was selected to be
subjected to the Ni/NiO buffer at 475*C. Synthetic laihunite samples were not used because
hematite had already been proven to be unstable under the Ni/NiO buffer. The coexistence of
hematite and laihunite would be doubtful under the same conditions. In addition, laihunite with
hematite is a rare occurrence on Earth, and would be less likely to exist on Venus given the
reducing conditions of the Venusian atmosphere. The sample selected for study was from the
Mourne Mountains of Ireland, which gave the following elemental composition (in weight
percent): SiO 2=30.43%, FeO=61.86%, MnO=3.14%, and MgO=0.38% [Schaefer, 1983].
In preparation of the laihunite for heating, the magnetite was magnetically separated from the
laihunite, although, the intimate association of magnetite with laihunite prevented the removal
of all the magnetite.
The Instability of Laihunite
When laihunite was heated with the Ni/NiO buffer for 7 days at 475*C in an evacuated cell,
all of the Fe" was reduced (Figure 3.8). Questions remain, though, about the stability of
laihunite because the Ni/NiO buffer provides a slightly more reducing condition than that found
on Venus. Since synthetic and some natural laihunite samples are associated with hematite, the
stability field of laihunite may be close to the hematite stability field. In Figure 3.9, a
hypothetical phase diagram suggests that the laihunite stability field is in contact with the HM
boundary curve, but because the diagram is hypothetical, the Ni/NiO buffer cannot be placed
in relation to the laihunite stability field. Given, however, that this phase diagram is merely
hypothetical and that actual experimentation indicated that laihunite is not stable under a fo of
- 10' bar, laihunite is most likely unstable on Venus.
Aside from the results that suggest that laihunite is probably unstable on Venus, laihunite
may also fail to produce the high near IR reflectance that was the impetus for the suggestion of
Fe"-bearing minerals on Venus. Although proposed to occur on Venus [Fegley et al.,
1992a,b], laihunite was not recognized as being an opaque mineral. Laihunite is an opaque
mineral [Sueno et al., 1985], and not reddish-orange, because the crystal field bands due to Fe'
are obliterated by the intervalence charge transfer bands which occur between the adjacent
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Figure 3.8: The reduction of laihunite at 475*C in 7 days.
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Figure 3.9: A hypothetical phase relation of laihunite, relative to the HM and QFM boundary
curves [Sueno et al., 1985].
octahedra containing Fe2 + and Fe3+. Intervalence charge transfer also occurs in magnetite,
which fails to produce a high reflectivity in the near IR due to electron delocalization between
Fe2 + and Fe3+. Given the spectroscopic problem, coupled with the instability under the
approximate redox conditions of Venus, other minerals that might be better candidates to
produce the high near IR reflectivity were pursued.
The Stability of Oxyamphiboles
After demonstrating that hematite and laihunite were Fe3+-bearing minerals that could not
exist on Venus, oxyamphiboles were found to be stable under a Ni/NiO buffer. The difference
between laihunite and hematite and oxyamphiboles is the hydrogen in the OH- of the amphibole
structure. When H is removed from an amphibole, Fe3+ is formed that is stable under relatively
reducing conditions. Other avenues explored in this section, aside from the Ni/NiO experiments,
are heating experiments under a pyrite/pyrrhotite buffer, which were conducted in an attempt
to oxidize the amphiboles with gaseous sulfur. Finally, the likelihood and implications of the
presence of amphiboles on Venus will also be discussed. Before the description of the
experiments and their consequences, a brief review will be presented on the amphibole structure
and the mechanism by which oxyamphiboles are produced.
The Amphibole Structure
The two characteristic features of amphiboles are the double chains of silica tetrahedra,
which provide the linkage for the amphibole structure, and the presence of "water", or OH.
The amphibole structure possesses five cation sites, with the larger Ca2', Na+, and K' cations
occupying the M4 and, occasionally, the A sites. The remaining M1, M2, and M3 sites
generally hold the smaller Fe2 +, Fe3+, Mg2 +, and A1 cations [Deer et al., 1966]. As Figure
3.10 illustrates, OH- is bonded only to the M1 and M3 octahedra. In the M3 octahedra, OH-
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Figure 3.10: An amphibole structure (space group Pna) projected onto (100). The H atoms
reside at the 3A and 3B oxygens. [Hamwdorne, 1983]
is in the trans-configuration, while in the M1 octahedra, OH- is in the cis-configuration
[Hawthorne, 1983]. Iron tends to be located in the M1 and M3 sites, as this provides the most
stable configuration; the end-member ferrotremolite, in which Fe2 + is in the M2 site, is the least
stable of the calcic amphiboles [Wones and Gilbert, 1982].
Formation and Structural Aspects of Oxyamphiboles
The heating of amphiboles can lead to a variety of results, depending on- the atmosphere in
which they are heated and upon the composition of the amphibole. The most natural
experiment, and the one most relevant to Earth, is the heating of an amphibole in air. Under
these circumstances, an internal redox reaction occurs whereby H accepts an electron from Fe2+
to subsequently form H20 with 02 provided by the atmosphere. The redox reactions leave Fe3+
as an oxidized species, as summarized by the following reactions [Barnes, 1930]:
2 Fe2 + + 2 OH- - 2 Fe3+ + 2 02- + H2  (3.1)
H2 + %/02 '&H20. (3.2)
A secondary reaction that occurs simultaneously on the surface of the amphibole is the oxidation
of Fe2 + with 02:
2 Fe2 + + % 02 - 2 Fe+ + 01. (3.3)
The surface reaction is sustained via the diffusion of H+ and electrons from within the crystal
[Hawthorne, 1983], which implies that the H+ of OH- is never reduced as suggested by reaction
3.1. Reaction 3.1 also demonstrates the ease by which oxyamphiboles can be reduced. If an
oxyamphibole is heated in the presence of H2, it reverts back to the hydrous amphibole [Barnes,
1930].
Another aspect of equation 3.1 is that the fundamental amphibole structure is maintained
when oxidized, except for the surface of the grains, where a ferric oxide layer may be added,
as suggested by equation 3.3. The types of changes that do occur to the structure are related
to bond lengths and cation migration. The most dramatic changes in bond length are the
shortening of the M1-03 and M3-03 bonds. The decrease in bond lengths is a response to the
greater negative charge associated with the 03 site (with the removal of H) and the increase in
charge of Fe (from Fe2 + to Fe3 +) [Popp et al., 1990; Phillips et al., 1988]. The strain and
distortion of the crystal structure associated with the decrease of the ionic radii provided by Fe'+
is further manifested through the diffusion of cations between the M1, M2, and M3 sites. The
result of oxidation is to preferentially order trivalent cations (including A13+)-to the M1 and M3
positions. Before oxidation, Fe3+ tends to reside in the M2 sites. After oxidation, though, any
remaining Fe2 + resides in the M2 site, while Fe3+ is now distributed between the M1 and M3
sites. Some of the larger cations, Ca2 + and Na+, may also diffuse from the M4 site to the A
site. [Phillips et al., 1989]
Regardless of the modification to the amphibole structure during oxidation, whether it be
cation diffusion or bond length modification, the net effect on the amphibole structure is
relatively minor. As discussed previously, during the oxidation of fayalite, Fe cations do not
merely diffuse between crystal sites, but rather they diffuse from the crystal structure to form
magnetite or hematite. When the hematite or magnetite is formed, oxygen is added to the
system. With the exception of the oxygen which may be added on the outer surface of the
amphibole grains, none is added to the system during the oxidation of the amphiboles. The
oxidation of amphiboles without adding oxygen is an important distinction between
oxyamphiboles and laihunite.
Characterization of the Amphibole Minerals
Several types of amphiboles were selected for the various types of heating experiments.
Two criteria were used to select the amphiboles. One was to encompass a wide variation in
composition, while the other concerned the plausibility of the mineral occurring on Venus given
the elemental constraints imposed by the Venera and Vega analyses of the surface. The
elemental compositions of the amphiboles selected for study are listed in Table 3.2 and 3.3
[Bancroft and Burns, 1969; Burns and Greaves, 1971; Dyar et al., 1992]. Actinolite,
glaucophane, and riebeckite are characteristic of metamorphic rocks, and were included to
provide compositional variation. Actinolite (Ca2(Mg,Fe)5Si80(OH)2) provided a calcium rich
end-member, while riebeckite (Na 2Fe 23+Fe32+Si 90 2 2(OH) 2) and glaucophane
(Na2Mg3Al2SisQ2(OH) 2) provided Na rich end-members. The glaucophane is -also representative
of a Mg rich amphibole, while the riebeckite possesses more Fe. The hornblende was of the
variety hastingsite (NaCa2(Mg,Fe2 +)4(Al,Fe3+)Al2Si60(OH,F)), the source of which was from
an amphibolite. Despite the fact that this particular sample was from a metamorphic rock,
hornblende is also found in mafic igneous rocks. [Bancroft and Burns, 1969; Burns and
Greaves, 1971] In terms of the compositions of amphiboles, the hornblende sample is the type
of amphibole most likely to occur in the basaltic rocks on Venus.
Kaersutite was selected for study because it is a basaltic hornblende with a high
concentration of Ti, as evidenced by its chemical formula,
Ca2(Na,K),(Mg,Fe2 +,Fe+)4Ti[Al2SiO]2J(O,OH,F)2 [Deer et al., 1966]. Because of the
significant Ti reported by the Venera 13 and 14 XRF analyses (Table 2.4), kaersutite could
occur on Venus. The terrestrial kaersutite samples all came from basalts, albeit from continental
rift environments [Dyar et al., 1992] which might produce basalts different from the tholeiitic
or alkali basalts characteristic of Venus. The large number of kaersutite samples also provided
a wide range of Fe3+ to Fe2+ ratios.
Results from the Ni/NiO Buffer Experiment
Upon heating the amphiboles at 475*C under the Ni/NiO buffer, the percent of Fe3 + present
in the hornblende, actinolite, riebeckite, and glaucophane remained constant. The amphiboles
Table 3.2: Compositions of the hornblende, actinolite, glaucophane, and reibeckite samples
[Bancroft and Burns, 1969; Burns and Greaves, 1971].
Oxide Hornblende Actinolite Glaucophane Riebeckite
SiO2
TiO2
A120 3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K20
H20(+)
H20(-)
Others
43.82
0.68
14.85
3.32
11.15
0.27
12.07
10.20
1.79
0.12
1.94
0.06
0.04
100.31Total
Si
Ti
Al
Fe3 *
Fe2 .
Mn
Mg
Na
Ca
K
6.33
0.07
2.52
0.36
1.35
0.03
2.60
0.52
1.58
0.02
52.28
0.05
0.18
0
22.57
0.24
10.53
11.26
0.16
0.07
2.34
0.22
0.00
100.20
7.93
0.01
0.03
0
2.86
0.03
2.38
0.05
1.83
0.01
56.38
0.11
8.45
4.98
9.40
0.19
9.89
1.29
6.77
0.08
1.86
0.04
0.02
99.46
7.94
0.01
1.40
0.53
1.11
0.02
2.08
1.85
0.20
0.01
52.16
0.04
4.51
10.53
18.19
0.51
3.93
1.19
6.27
0.09
2.25
0.05
0.10
99.82
7.84
0.01
0.90
1.20
2.29
0.07
0.88
1.83
0.19
0.01
Table 3.3: Compositions of the kaersutite samples [Dyar et al., 1992]
Oxide DL-5 DL-7 DL-9 AK-M3 Tm Fr-12 84-BR
38.91
14.64
4.84
7.92
4.43
12.16
0.17
11.02
2.61
1.66
0.03
0.22
0.01
1.05
39.85
14.39
4.51
8.17
6.36
11.26
0.20
10.82
2.74
1.50
0.00
0.20
0.02
0.90
39.01
14.26
4.52
0.14
13.27
12.31
0.15
10.71
2.61
1.64
0.02
0.17
0.02
0.16
40.28
14.82
5.32
8.67
3.73
12.22
0.13
9.79
3.30
1.24
0.04
0.00
0.00
0.96
39.52
14.03
5.87
2.84
10.40
11.71
0.17
11.10
2.81
1.29
0.00
0.00
0.00
0.07
SiO 2
A1203
TiO2
FeO
Fe203
MgO
MnO
CaO
Na2O
K20
Cr 203
F
Cl
H20
Total
5.79
2.57
0.54
0.99
0.50
2.70
0.02
1.76
0.75
0.32
0.00
0.10
0.00
1.04
5.92
2.52
0.50
1.02
0.71
2.49
0.03
1.72
0.79
0.28
0.00
0.09
0.01
0.89
5.98
2.57
0.52
0.02
1.53
2.81
0.02
1.76
0.78
0.32
0.00
0.08
0.01
0.16
5.93
2.57
0.59
1.07
0.41
2.68
0.02
1.54
0.94
0.23
0.00
0.00
0.00
0.94
5.98
2.50
0.67
0.36
1.18
2.64
0.02
1.80
0.82
0.25
0.00
0.00
0.00
0.07
39.82
14.53
4.30
0.00
13.95
12.12
0.14
10.82
2.77
1.38
0.02
0.00
0.00
0.17
39.29
13.85
3.27
5.88
5.15
13.77
0.10
12.10
1.96
2.18
0.02
0.00
0.00
1.32
100.02 98.89
6.08
2.62
0.49
0.00
1.60
2.76
0.02
1.77
0.82
0.27
0.00
0.00
0.00
0.17
5.95
2.47
0.37
0.74
0.59
3.11
0.01
1.96
0.58
0.42
0.00
0.00
0.00
1.33
99.67 100.92 98.99 100.50 99.81
Si
Al
Ti
Fe2+
Fe3+
Mg
Mn
Ca
Na
K
Cr
F
Cl
H
were heated for 7 days and 28 days. When the M6ssbauer spectra of the heated minerals are
compared with the standards (unheated specimens) in Figures 3.11-3.14, perceptible changes are
not observed, especially when considering how rapidly the Fe3 + in the laihunite and hematite was
reduced. The only exception to this observation was the glaucophane heated for 7 days. The
greater degree of oxidation in this sample, which was not evident in the glaucophane heated for
28 days, is attributed to experimental error. For an unknown reason, either all of the oxygen
was not removed from the cell or the cell developed a leak during heating. The 7 day
glaucophane run was not worth repeating, as the trend of no reaction had been established.
Nevertheless, the glaucophane experiment demonstrated that the experimental technique can
occasionally fail.
The spectra of the samples were also fitted, with the results tabulated in Table 3.4. The fits
used six peaks, which were assigned as one Fe3+ and two Fe2 + doublets. The first Fe2 + doublet
represents Fe2 + in the M1 site, while the other Fe2 + doublet represents Fe2 + in the M2 and M3
sites. In the first iteration of the fitting routine, 14 constraints were used, which included
constraints on the half-widths and the areas of the doublets. As shown with the 28 day
hornblende sample in Figure 3.15, the 14 constraint fit can be improved. An improved fit was
obtained by allowing the half-widths of the three doublets to vary freely in the second iteration
(c.f. the 11 constraint fit with the 14 constraint fit in Figure 3.15). The gradual reduction of
constraints was done for all of the spectra fitted.
To compare how the number of constraints can affect the results, the 14 constraint fit of the
28 day hornblende gave 26.8 + 0.3% Fe3+, while a 8 constraint fit with the lowest x2 gave
23.7% Fe3 + (X2 measures the "correctness" of fit, and hence guides the choice of the best fit).
A standard deviation was not calculated for the 8 constraint fit because the fitting routine was
diverging (as opposed to the 14 constraint fit which converged). These results illustrate the
limitations of fitting and how values can be manipulated, depending upon the number of
Table 3.4: The amount of Fe3 + in the various amphibole samples. The data are from 11 and
14 constraint fits.
11 Constraint Fit
Mineral Reaction M1 M2 & M3
Fe2+ Fe2+ Fe3+
Standard 48.25 26.38 25.36
Hornblende Ni/NiO 7 days 46.91 28.02 25.07
Ni/NiO 28 days 46.29 27.83 25.87
Standard 53.46 41.60 4.94
Actinolite Ni/NiO 7days 50.07 44.85 5.08
Ni/NiO 28 days 44.57 46.84 8.59
Standard 38.53 35.91 25.56
Glaucophane Ni/NiO 7 days - -- -
Ni/NiO 28 days 42.31 27.11 30.58
Standard 38.35 22.08 39.58
Riebeckite Ni/NiO 7 days 36.91 25.76 37.33
Ni/NiO 28 days 34.60 24.59 40.82
14 Constraint Fit
Mineral Reaction M1 M2 & M3
Fe2+ Fe2+ Fe3+
Standard 46.09 27.10 26.81
Hornblende Ni/NiO 7 days 47.01 26.50 26.49
Ni/NiO 28 days 46.16 26.77 27.08
Standard 47.88 46.66 5.46
Actinolite Ni/NiO 7days 52.07 41.60 6.34
Ni/NiO 28 days 44.92 46.74 8.32
Standard 40.37 32.86 26.76
Glaucophane Ni/NiO 7 days - - -
Ni/NiO 28 days 43.88 23.69 32.43
Standard 38.72 22.71 38.57
Riebeckite Ni/NiO 7 days 43.97 17.14 38.89
Ni/NiO 28 days 34.95 25.80 39.24
Standard
7 Days
K 28 Days
Fe2 ++ Fe3+
/
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I'
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Fe2+
-4 0 4
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Figure 3.11: The spectrum of an unheated hornblende standard versus the spectra of hornblende
samples heated at 475"C with Ni/NiO for 7 days and 28 days.
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Figure 3.12: The spectrum of an unheated actinolite standard versus the spectra
samples heated at 4750C with Ni/NiO for 7 days and 28 days.
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Figure 3.13: The spectrum of an unheated glaucophane standard versus the spectra of
glaucophane samples heated at 4750C with Ni/NiO for 7 days and 28 days. The oxidation of
glaucophane in 7 days was due to an 02 impurity.
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Figure 3.14: The spectrum of an unheated riebeckite standard versus the spectra
samples heated at 475*C with Ni/NiO for 7 days and 28 days.
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Figure 3.15: A 14 constraint fit
same hornblende sample.
for the hornblende standard versus an 11 constraint fit for the
0
4)
C4
constraints employed. For the data required in the present study, the absolute amounts of Fe3 +
are not as important as maintaining consistency between the different spectra. Whenever
amounts of Fe3+ are being compared, they are from spectra that used the same number of
constraints in the fitting routine.
The results of the fit hornblende spectra indicate that the unheated specimen contained 26.8
+0.3% Fe3+, while the 7 day and 28 day samples contained 26.5 +0.1% and 27.8 +0.1%
respectively. While the deviations of the percent Fe3+ between the standard and heated samples
are larger than the standard deviations calculated by the fitting routine, the percentages are
similar enough that the differences are insignificant. The differences of Fe3+ percentages
between fits using different numbers of constraints are larger than the changes experienced by
the Fe3+-bearing minerals when reduced by the Ni/NiO buffer. For these reasons, the
conclusion was reached that hornblende, as well as the other amphiboles, were not reduced by
the Ni/NiO buffer upon heating at 475*C for 28 days.
Most of the kaersutite samples were also unaffected by the Ni/NiO heating experiments
(Figures 3.16-3.22, Table 3.5). Before the Ni/NiO experiments, the kaersutite samples were
heated for 7 days under a FeS2/Fe..S buffer (for reasons explained later in the FeS2/Fe..S buffer
experimental section). This is of particular importance for the DL-9 and Fr-12 samples, each
of which consisted of 100% Fe3+ before heating. In their spectra, a slight production of Fe2 +
is observed with heating under both the FeS2/Fe.,S and Ni/NiO buffers. As shall be discussed
later, though, the outer oxide coating on the oxyamphibole is the portion of the grain that is
probably being reduced. In contrast to the oxyamphiboles containing 100% Fe3+, the
oxyamphiboles which did not contain 100% Fe3+, and hence an outer oxide layer, were not
reduced.
Table 3.5: The amount of Fe3+ in the various kaersutite standards and the amounts of Fe+
present after heating with FeS2/Fei..S for 7 days and Ni/NiO for 28 days at 475*C. The data
are from 14 constraint fits.
M1 M2 & M3
Kaersutite Reaction Fe2 + Fe2+ Fe3+
Standard 29.23 32.37 38.39
DL-5 FeS2/Fe..S 31.70 32.24 36.06
Ni/NiO 26.71 35.02 38.27
Standard 24.63 29.76 45.61
DL-7 FeS2/Fe..S 35.00 19.64 45.35
Ni/NiO 27.83 26.95 45.22
Standard 0.00 0.00 100.0
DL-9 FeS2/Fej.S 6.95 93.05
Ni/NiO -- -
Standard 33.16 35.24 30.60
AK-M3 FeS2/Fei.xS 32.89 35.69 31.42
Ni/NiO 32.67 36.37 30.96
Standard 4.14 15.78 80.08
Tm FeS2/Fe..S 9.95 20.55 69.50
Ni/NiO
Standard 0.00 0.00 100.0
Fr-12 FeS2/Fe.S 7.68 92.32
Ni/NiO 13.66 -- 86.34
Standard 29.30 21.83 48.93
84-BR FeS2/Fe..S 28.11 24.59 47.30
Ni/NiO 25.10 26.24 48.65
0 '10
I II ~
- Ni/NiO-
-- Fe'
-Fe 2
Fe 2 + Fe"'-
-4 0 4
~Velocity (mm/sec)
Figure 3.16: The spectrum of the kaersutite DL-5 standard versus the spectra of the DL-5 sample
heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.17: The spectrum of the kaersutite DL-7 standard versus the spectra of the DL-7 sample
heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.18:
sample heated
The spectrum of the kaersutite 84-BR standard versus the spectra of the 84-BR
with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.19: The spectrum of the kaersutite AK-M3 standard versus the spectra of the AK-M3
sample heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.20: The spectrum of the kaersutite Tm standard versus the spectra of the Tm sample
heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.21: The spectrum of the kaersutite Fr-12 standard versus the spectra of the Fr-12 sample
heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Figure 3.22: The spectrum of the kaersutite DL-9 standard versus the spectra of the DL-9 sample
heated with FeS2/Fel-xS for 7 days and subsequently heated with Ni/NiO for 28 days.
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Results from the Oxidation/Reduction Experiment
Apparent from the above experiments is that in most cases, the Fe3+ in the oxyamphiboles
was not reduced. To ensure that the failure of reduction was not due inherently unique starting
compositions, the various amphibole standards were deliberately oxidized by heating in air to
produce more Fe3+, and then heated under the Ni/NiO buffer. The amphiboles were found to
rapidly and completely oxidize when heated in air at 600 to 7000C. In an attempt to
incompletely oxidize the amphiboles, the amphiboles were heated under a stream of 90% CO 2
and 10% H2 for 15 minutes at 7000 C. Even under these reducing conditions, the amphiboles
were still rapidly oxidized, but each amphibole had some Fe2 + remaining. Figures 3.23-3.26
demonstrate that almost all of the Fe2 + is oxidized. Apparently, H is easily lost from the
amphibole structure to produce most of the Fe3+ (reactions 3.1 and 3.2), but to oxidize the Fe2+
at the surface requires atmospheric 02 (reaction 3.3). If the samples had been heated in air, then
the outer layer of Fe2 + would have been oxidized as well. The 90% CO 2 and 10% H2 treatment
confirms that 02 is needed to oxidize the Fe2 + on the surface of the grains.
After the amphiboles had been oxidized by the 90% CO2 and 10% H2 gas mixture, the
amphiboles were heated with the Ni/NiO buffer at 475*C for 7 days. A cursory inspection of
the M6ssbauer spectra (Figures 3.23-3.26) suggests that a significant reduction of the Fe3+ did
not occur, but some changes do appear. The actinolite and riebeckite spectra have "satellite
peaks" near the intense Fe3+ doublets. The emergence of the satellite peaks signals distortions
in the Fe3+ octahedral sites, and perhaps a change in the amphibole structure itself. The change
in the amphibole structure may be particularly true for the riebeckite sample, as the riebeckite
Fe3 + doublet did decrease upon heating with the Ni/NiO. The results suggest that the amount
of Fe in the amphibole may be important in determining whether the amphibole structure can
be maintained upon the loss of H and the oxidation of Fe2 +. If the compositional formulae of
the amphiboles is noted, the sample containing the highest Fe content is riebeckite, followed by
p90% C02 & 10% H2 l~ll
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Figure 3.23: The spectrum of hornblende after heating for 15 minutes at 700*C in 90% CO2
and 10% H2 and the spectrum of this sample after the subsequent heating for 7 days at 475*C
with Ni/NiO.
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Figure 3.24: The spectrum of actinolite after heating for 15 minutes at 700*C in 90% CO2 and
10% H2 and the spectrum of this sample after the subsequent heating for 7 days at 475*C with
Ni/NiO. The "S" indicates a satellite peak.
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Figure 3.25: The spectrum of glaucophane after heating for 15 minutes at 700*C in 90% CO2
and 10% H2 and the spectrum of this sample after the subsequent heating for 7 days at 475*C
with Ni/NiO.
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Figure 3.26: The spectrum of riebeckite after heating for 15 minutes at 700*C in 90% CO2 and
10% H2 and the spectrum of this sample after the subsequent heating for 7 days at 475*C with
Ni/NiO. The "S" indicates a satellite peak.
actinolite. During the oxidation of an amphibole through dehydrogenation, the M-03 bond
distances decrease, and if this occurs several times over a short distance, the repeated strain may
eventually compromise the amphibole structure.
An important constraint for the oxyamphiboles is that the Fe content may have implications
for their stability on Venus. If the amphibole contains too much Fe3+, the structure may be
more susceptible to reduction. If, on the other hand, the Fe' content of the mineral is low, the
oxyamphibole should be stable. In regard to Venus, hornblende should form a stable
oxyamphibole. If hornblende does occur on Venus, hornblende would be present in a basalt that
possesses a significant amount of Mg2 +. Some of this Mg2 + would reside in the homblende, as
is observed in basaltic hornblende on Earth. The Mg2 + would thus ensure that the hornblende
would not reach an Fe end-member composition as observed in riebeckite.
The Presence of Superparamagnetic Hematite in Oxyamphiboles
Another concern about oxyamphiboles upon oxidation is the formation of hematite. Just as
hematite was formed by the oxidation of fayalite, the amphiboles could decompose to hematite,
pyroxene and quartz (or feldspar given enough Ca2 +, Na+, or K+). If hematite were to appear,
it could be recognized by its characteristic sextet in the M6ssbauer spectra. The hematite sextet
requires sufficiently large crystals of hematite to establish magnetic ordering. During the initial
stages of amphibole decomposition and hematite formation, magnetic ordering cannot be
established by nanophase hematite. Magnetic ordering affects the transitions observed by
removing the degeneracy of the nuclear spin quantum state I=3/2. When the degeneracy is
removed, six transitions are allowed between the I=1/2 and I=3/2 spins states, as opposed to
the two transitions for the paramagnetic materials (e.g., the Fe3 + and Fe2 + doublets). For
hematite that has just begun to crystallize and consists of only a few unit cells, a quadrupole
doublet, representative of superparamagnetic hematite in the nanophase state, will be observed
instead of a magnetic sextet. To identify nanophase hematite, the temperature of the sample can
be lowered to 4.2K., At 4.2K, the thermal effects that destroy the alignment of the weak
magnetic fields of the Fe atoms are removed. As a result, the weak magnetic fields can align
themselves within the small unit cell, thereby creating a magnetic field. The produced magnetic
field removes the degeneracy of the nuclear spin state 1=3/2 and consequently establishes the
sextet spectrum of crystalline hematite. [Hawthorne, 1988]
An example of superparamagnetic hematite is shown for an orthopyroxene which was
oxidized in air at 800*C for 3 days (Figure 3.27). The oxidation produced 19% Fe"+. In the
room temperature M6ssbauer spectrum, the magnetic sextet of hematite is absent. In the
M6ssbauer spectrum obtained at 4.2K, peaks attributed to hematite begin to emerge, indicative
of superparamagnetic hematite.
M6ssbauer spectra of various hornblende and kaersutite samples were obtained at 4.2K: the
hornblende heated for 28 days with the Ni/NiO buffer; the hornblende heated for 7 days with
the FeS2/Fei..S buffer; the hornblende heated for 15 minutes at 700*C under a stream of 90%
CO 2 and 10% H2 and then subsequently heated for 7 days at 475*C with the Ni/NiO buffer; and
the kaersutite DL-9, which had previously been heated for 7 days with the FeS2/Fe.-S buffer.
The latter two samples provided the greatest opportunity to observe superparamagnetic hematite,
as they contained the most Fe"l.
The spectra of the four amphiboles obtained at 4.2K are shown in Figure 3.28.
Superparamagnetic hematite does not appear in any of the spectra. The 4.2K spectra, along with
the results of the oxidation/reduction experiments of the previous section, give additional
evidence that the amphibole structure is maintained during oxidation. Recall, however, there
are limitations to the amount of oxidation an amphibole may experience because the
oxidation/reduction experiments indicated that adverse effects to the amphibole structure may
occur from oxidation if the amphibole is rich in Fe.
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Figure 3.27: The spectra of orthopyroxene heated in air for 3 days at 800*C. A magnetic
hematite sextet is detected in the spectrum obtained at 4.2K, but is absent in the spectrum
obtained at room temperature.
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Figure 3.28: Spectra obtained at 4.2K (from top to bottom): kaersutite DL-9 heated with
FeS2/Fe..S, hornblende heated with 90% CO2 and 10% H2 and subsequently with Ni/NiO,
hornblende heated with FeS2/Fei.,S, and hornblende heated with Ni/NiO.
Results from the Pyrite/Pyrrhotite Buffer Experiment
Because the existence of oxyamphiboles on Venus is possible, a mechanism for their
formation through oxidation was explored. As alluded to earlier, minerals were heated with a
FeS2/Fei..S buffer. The impetus for these studies arose from other experiments involving FeS2,
which were similar to the Ni/NiO experiments because the FeS2 sample was wrapped in Ag foil.
During the heating experiments, the Ag foil was oxidized to Ag 2S (or some Ag sulfide derivative
thereof). The source of the S2 that oxidized the Ag was from the FeS2 . Upon heating in the
experiment, S2 effervesced from the FeS2, established a fs, determined by the FeS2/Fe..S
stability fields, and proceeded to oxidize the Ag. Given the mixing ratio in the Venusian
atmosphere of S., is 2x108 and that S2 is capable of being on oxidizing agent, experiments were
conducted to determine whether S2 could also oxidize amphiboles. Amphiboles were heated with
a FeS2/Fe..S buffer which provides a S2 mixing ratio of 1x10' at 740K (as calculated from the
JANAF thermodynamic tables), which is similar to the S2 mixing ratio observed in the Venusian
atmosphere.
The experimental procedure for the FeS2/Fe..S buffer experiments was essentially the same
as that used for the Ni/NiO buffer, with two exceptions. In place of the Ni/NiO buffer was the
FeS2/Fei.S buffer. The FeS2/Fei.S buffer was created by using 150 mg of FeS2 , with Fe..S
deliberately being withheld. With S2 not being in the air or S2 in the amphiboles, Fe,.,S was
not required to create the buffer. When the FeS2 (150 mg) was heated in the evacuated cell, S2
effervesced from the FeS2, and in the process formed Fe1.S, and hence the FeS2/Fe..S buffer.
The second difference between the Ni/NiO and FeS2/Fe..S procedures was that in place of the
Ag foil, an inert substance with respect to S2 was used to contain the mineral sample and FeS2-
Small vycor tubing (6 mm) cups were constructed for this purpose.
The M6ssbauer spectra of the samples indicated that S2 is not capable of oxidizing the
amphiboles to form oxyamphiboles (Figures 3.16-3.22). These results were surprising, as when
the evacuated cells were broken to retrieve the samples for analysis, a sulfur stench was usually
noticeable. Two samples failed to create a stench: they were the two fully oxidized kaersutite
samples, DL-9 and Fr-12, which could not have produced any H2S through the oxidation of Fe2 '
because these samples already possessed 100% Fe3+. One possible explanation for the
M6ssbauer spectra failing to indicate an increase in Fe3+ is that equilibrium constraints may
inhibit the process from producing a large amount of H2S (and hence Fe3 +). Because the
evacuated cells provide a closed system, the amount of H2S that can be produced may be limited.
The situation is plausible because if H2S is present, S2 and H2 will be in equilibrium with the
H2S. With H2 being produced from H2S, the reduction of the oxyamphibole via H2 is now
competing with the formation of the oxyamphibole via the oxidation with S2. Although the
M6ssbauer spectra do not support the hypothesis that S2 can oxidize an amphibole, evidence
based upon the sulfur stench of the samples did indicate a reaction. Therefore, a different
analytical technique, reflectance spectroscopy, was used in an attempt to detect an increase in
Fe3+. The results from this approach will be reviewed in the next section.
A surprise was observed in the M6ssbauer spectra of the two kaersutite samples (DL-9 and
Fr-12) that did not produce a stench (Figures 3.21 and 3.22). The surprising results occurred
because sulfur can have several oxidation states, whether it be 4+ in SO2 or 2- in H2S. The role
of the S2 in the case of the fully oxidized kaersutite samples was to reduce the outer ferric oxide
layer, or the surface Fe3+ of the kaersutite grains. The spectra of the reduced kaersutite samples
are similar to those of the amphiboles that were oxidized under the 90% CO 2 and 10% H2 at
700*C for 15 minutes (Figures 3.23-3.26). The degree of consistency between the two is caused
by approximately equal amounts of Fe2 + being on the outer layers of the grains. The amount
of Fe2+ on the outer layer is a function of grain size and total Fe in the mineral. Because these
two characteristics were approximately equal for the different samples, similar spectra were
obtained for either the oxidation or the reduction of an oxyamphibole. The similar looking
spectra are also satisfying because it supports the oxyamphibole formation mechanism (equations
3.1 to 3.3). The mechanism implies Fe in the exterior portion of the mineral grain is oxidized
or reduced differently than the Fe in the interior portion of the mineral grain.
Results from the Infrared Reflectance Spectra
Reflectance spectroscopy provides another means by which the formation of oxyamphiboles
can be detected. A decrease in the absorption intensity of the O-H vibrational bands indicates
the loss of H from the amphibole structure and the formation of an oxyamphibole. Reflectance
spectroscopy differs from M6ssbauer spectroscopy because reflectance spectroscopy is a surface-
sensitive technique, while M6ssbauer spectroscopy is a volume-sensitive technique. In
reflectance spectroscopy, the penetration of the visible and IR radiation into the sample is limited
if the reflected radiation is to be detected. The -y-radiation of M6ssbauer spectroscopy, however,
can penetrate a sample much further and still be detected. As a consequence, changes in the
amount of Fe3+ at the surface of a grain may be detected by reflectance spectroscopy but not by
M6ssbauer spectroscopy. In the formation of oxyamphiboles, the first H that leaves the
amphibole is probably close to the surface of the grain. Reflectance spectra were obtained in
hope of detecting the small changes in the H concentration of the amphiboles that had been
heated under the FeS2/Fe.,S buffer, if any changes had occurred at all.
The reflectance spectra of the amphibole samples were measured from 2 to 3 ym, which
captures the 0-H fundamental vibrational frequency at 2.7 pm (3700 cm-1). From Figures 3.29-
3.32, four dominant fundamental absorption peaks are observed, with each peak representing a
different arrangement of Mg2 + and Fe2 + in the M1 and M3 sites (recall Ml has the OH- in the
cis-configuration, while M3 has the OH- in the trans-configuration). Per half unit cell, Mg2 +
and Fe2 + can be distributed between two M1 and one M3 sites. Given two different cations
and three different sites, four possible cation distributions exist: Mg-Mg-Mg, Mg-Mg-Fe,
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Figure 3.29: The IR reflectance spectra for the hornblende standard, hornblende heated with
Ni/NiO for 28 days, and hornblende heated with FeS2/Fe,.,S for 7 days.
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Figure 3.30: The IR reflectance spectra for the actinolite standard, actinolite heated with
Ni/NiO for 28 days, and actinolite heated with FeS2/Fel..S for 7 days.
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Figure 3.31: The IR reflectance spectra for the glaucophane standard, glaucophane heated with
Ni/NiO for 28 days, and glaucophane heated with FeS2/Fe.,S for 7 days.
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Figure 3.32: The IR reflectance spectra for the riebeckite standard, riebeckite heated with
Ni/NiO for 28 days, and riebeckite heated with FeS2/Fe..S for 7 days.
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Mg-Fe-Fe, and Fe-Fe-Fe. The absorption peaks representing the Mg rich clusters are found at
the shorter wavelengths, while the Fe rich clusters are found at the longer wavelengths. Under
optimal circumstances, the O-H vibrational bands can be resolved, but under the -worst
conditions, as in hornblende (Figure 3.29), the number of bands is increased and broadened due
to a greater variety of cations occupying the M1 and M3 sites. [Hawthorne, 1983; Bancroft and
Burns, 1969] Figures 3.33 and 3.34 demonstrate the kaersutite samples without any Fe2 + (DL-9
and Fr-12) have weakened 0-H absorption bands.
There are three reflectance spectra per set in Figures 3.29-3.32. In each set, the spectrum
with the highest reflectivity is the standard. The samples heated with the Ni/NiO buffer for 7
days experienced a slight decrease in reflectivity, while those samples heated with the FeS2/Fe.,S
for 7 days experienced the greatest loss in reflectivity. More important than the relative decrease
in reflectivity, however, are the relative intensities between the different absorption peaks. If
S2 was successful in oxidizing Fe2 + and removing H from the amphibole, the relative intensities
between the four different peaks would have changed. According to the mechanism of the
formation of oxyamphiboles, Fe2+ is the species that experiences reduction, and not Mg 2+. For
Mg-Mg-Mg clusters, the O-H absorption band would not be expected to decrease because H
would not be removed from these sites, as a means does not exist by which Mg2 + can rectify the
charge deficit if H is removed (the migration of an Al3+ from the M2 site to the M1 or M3 site
in glaucophane and hornblende might satisfy the charge balance locally, but not throughout the
mineral). If the initial process of oxidation is considered, oxidation should occur in clusters
containing Fe2 +, with the subsequent H removal from these octahedral sites. With the removal
of H, the O-H vibrational absorption peaks for these Fe configurations would decrease.
Removing the H from octahedral clusters involving Fe, and not from the Mg-Mg-Mg cluster,
should cause the Mg-Mg-Mg absorption peak to be relatively larger after oxidation. Because
the relative intensity of all the peaks remained constant after the amphiboles were heated with
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Figure 3.33: The IR reflectance spectra of the kaersutite standards and the minerals after heating
with FeS2/Fe..S for 7 days.
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Figure 3.34: The IR reflectance spectra of the kaersutite standards and the minerals after heating
with FeS2/Fe..S for 7 days.
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the FeS2/Fe..S buffer, the oxidation of amphiboles via S2 cannot not be verified.
Results from the Visible-Near IR Reflectance Spectra
Reflectance spectra in the visible and near IR region were obtained for selected kaersutite
samples (Figure 3.35). Two of the kaersutite samples, DL-9 and Fr-12, were chosen on the
basis of their high Fe3+ content, while the other two kaersutite samples, DL-5 and DL-7, were
selected for their relatively low amounts of Fe3+. The spectra demonstrate that the kaersutite
samples with the greatest reflectivity in the near IR are the high Fe3+-bearing kaersutite samples.
While the spectra agree favorably with the relation that the presence of Fe3+ produces a high
reflectivity in the near IR, two aspects of these data are of concern: 1) the correlation of the
reflectivity of the samples to the albedo of the Venusian surface (Figure 2.10) and 2) the amount
of amphibole required to produce a high reflectivity in the near IR that could account for the
Venusian albedo has not been determined. In regard to the first concern, the laboratory and
Venusian spectra agree well qualitatively; both spectra have gently increasing slopes as the near
IR is entered from the visible region. To determine how well the spectra agree quantitatively,
the spectra would have to be scaled. In addition to scaling, the amount of oxyamphibole present
in the rock would have to be determined, and this relates to the second matter of concern.
Figure 2.9 showed hematite can dominate the spectrum of a rock in which it occurs as a small
percentage. Whether an oxyamphibole could similarly dominate the spectrum of a rock has not
been demonstrated.
Contrasts Between the Oxyamphiboles and the Unstable Minerals
The oxyamphiboles, in contrast to hematite and laihunite, must possess some feature that
prevents the reduction of Fe3 + under relatively reducing conditions. The difference between the
two groups is that hematite and laihunite effervesce 02 that can be consumed by the Ni in the
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Figure 3.35: The visible-near
FeS2/Fei..S and Ni/NiO.
IR reflectance spectra of kaersutite samples after heating with
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Ni/NiO buffer, while the oxyamphiboles are incapable of such a process. Because the Ni/NiO
buffer and mineral samples were wrapped separately, only one mechanism exists that can
account for the reduction of the minerals. With the onset of Fe3+ being reduced to Fe2+, '02- is
oxidized to 02. After the electron transfer from 0 to Fe, 02 effervesces from the mineral and
may be adsorbed by the Ni. The Ni can uptake 02 to form NiO until the Ni in the buffer has
been exhausted or until the 02- in the mineral available for oxidation has been consumed. The
equilibrium fo, of the Ni/NiO buffer (- 10-2 bar) is only achieved for the latter case, and only
after the last of the oxidizable 02, or "excess" 02, has effervesced.
The amount of oxidizable 02 for any mineral is determined by the amount of Fe3+ that can
be reduced. Evidently, oxyhornblendes do not contain much or any Fe3+ that is susceptible to
reduction. The only oxidizable 02 for the amphiboles is found in the completely oxidized
amphiboles, and is probably located on the surface of the grains. Once this "excess" 02 has
been effervesced, more Fe3+ cannot be reduced. For laihunite, the 02 effervesced came from
either hematite or magnetite (recall how magnetite and hematite are formed on the grain
boundaries of natural or synthetic laihunite). In the Fe oxide minerals of hematite and
magnetite, 02- only forms bonds with Fe, and not with any other cations, such as Si+', Mg. 2,
and Al+3. Oxyhornblendes retain the Fe3+ in the interior of their grains because any 02- forming
a bond with Fe3+ is also forming a bond with other non-Fe cations as well. The association of
02- with other cations prohibits the diffusion of 02 (or 02) to the surface of the grain where
effervescence could follow. The result is that oxyamphiboles cannot be reduced by the Ni/NiO
buffer, while hematite and laihunite, which have all of their oxidizable 02- associated with only
Fe, are easily reduced.
Other Mechanisms of Reduction
Instead of achieving the reduction of Fe3+ via the effervescence of 02, the reduction of Fe3 +
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could occur through the adsorption of a reducing gas. As mentioned earlier, the Ni/NiO buffer
fails to provide any other gas than 02. The case was presented earlier that CO, the dominant
reducing gas in the Venusian atmosphere, would, at most, have only a catalytic effect in
reducing Fe3+ to Fe2 +. If the CO were incorporated into the amphibole structure, this claim
could not be made. With redox reactions involving CO, the most probable oxidation product
is CO 2. The difference between reducing Fe' with the effervescence of 02 or the formation of
CO2 is indistinguishable; both require the removal of 02- from the structure, a task incapable of
being performed in the oxyamphibole.
The only gas capable of reducing Fe3 + and incorporating itself into the amphibole structure
is H2. From the Venera and Pioneer Venus GC experiments, H2 was reported to occur, but
these data are now believed to be in error, just as for the 02 results [Fegley et al., 1992a,b].
If a mixing ratio for H20 of 20 ppm is assumed (which is based upon earth spectroscopic
observations, Table 2.2) [Bgzard et al., 1990] and coexists with a fo2 of lxlO23 bar, an
equilibrium mixing ratio of 20 ppb for H2 is calculated using the JANAF thermodynamic data.
While 20 ppb of H2 is not a large mixing ratio, thermodynamic data do not exist for mixed
valence amphiboles, so calculations cannot be performed to determine what fm is needed to
reduce the oxyamphiboles. The only alternative is to use thermodynamic data for end-member
amphiboles and to determine under what fHo amphiboles are stable. If amphiboles are unstable
because of the low fmo of Venus, then the reduction of an oxyamphibole to form an unstable
amphibole is impossible.
The Lack of Water on Venus: The Instability of Amphiboles
Because the 20 to 200 ppm H20 reported to occur in the Venusian atmosphere is in stark
contrast to Earth, potential sinks for H20 have been sought. The thermodynamic stability of
amphiboles on Venus has been studied because amphiboles could provide a sink for H20 [Fegley
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et al., 1992a,b]. The thermodynamic studies have indicated that the fh on Venus is too low
to support an amphibole, although in each case, the composition of the amphibole had a
stoichiometric amount of OH~ (as opposed to the oxyamphiboles which are depleted in H)' The
dehydration reaction for tremolite is given below:
Ca2 MgSiO 2(OH)2, H20 + SiQ+ 2 CaMgSi20 + 3 MgSiO3 . (3.4)
Thermodynamic calculations indicate that a minimum fe of 0.09 bar is required at the surface
of Venus for tremolite to exist. Similar calculations for glaucophane (Na2Mg3Al2SiO(OH)2)
and anthophylite (Mg7SiO(OH)2) demonstrate a required fR of 230 and 510 bars,
respectively. [Fegley et al., 1992a,b] Note, however, that none of the calculations reported were
for amphiboles that contained Fe2+ or Fe3+. Thermodynamic calculations involving fully
hydroxylated Fe end-member amphiboles show that they usually require a greater H20 fugacity
to be stable than their non Fe-bearing counterparts (Figure 3.36) [Wones and Gilbert, 1982].
Fully hydroxylated amphiboles containing Fe are thus unstable on Venus as well, and cannot be
formed by reducing an oxyamphibole with H2-
The complete decomposition of an amphibole versus the formation of an oxyamphibole are
two competing processes. The major difference between the two is the activation energy for the
reactions. Kinetic factors would favor the formation of an oxyamphibole, where an 0-H bond
is broken, over the decomposition of an amphibole where new structures are configured.
Differences in the kinetic factors are illustrated by the time of the hematite to magnetite
conversion at 700*C (albeit unrelated to amphiboles), versus the time of formation of the
oxyhornblende in the 90% CO2 and 10% H2 stream at the same temperature. Given the ease
with which oxyamphiboles can form versus other transformations which involve structural
rearrangements, the formation of oxyamphiboles as a means of achieving equilibrium is
reasonable. The possibility exists that the amphibole decomposition phases might be the stable
or lowest energy assemblage, but oxyamphiboles are formed due to kinetic factors. In this case,
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Figure 3.36: A diagram illustrating the relative instability of amphiboles containing iron. The
numbers correspond to the following amphiboles: 1) ferro-tremolite, Ca2Fe5SisO,(OH)2, 2)
hastingsite, (Na,Ca)2(Fe4 ,Fe")(Si,Al),O,(OH)2, 3) grunerite, Fe2Fe5Si8O2(OH)2 , 4) tremolite,
Ca2Mg5Si8O=(OH)2, and 5) pargasite, (Na,Ca)2(Mg4,Al)(Si,Al)80(OH)2. [Wones and Gilbert,
1982]
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oxyamphiboles would be metastable and kinetic experiments would be needed to assess how long
they could exist on Venus.
Performing a thermodynamic calculation for a certain reaction does not dictate that it actually
occurs. Based on kinetic arguments and experimental results, an alternative scheme to the
complete decomposition of amphiboles, as suggested by thermodynamic calculations, has been
presented. Admittedly, there is not any "hard evidence" that the formation of an oxyamphibole
would be preferred to the amphibole's complete decomposition. Nonetheless, if amphiboles are
unstable, the mechanism by which oxyamphiboles are formed does deserve consideration based
on kinetic arguments.
The Lack of Water on Venus: The Formation of Amphiboles
The formation of amphiboles before their emplacement upon the surface of Venus is
troubling due to the lack of H20 observed on the surface and in the atmosphere of Venus. Three
scenarios, which have implications for the formation of amphiboles, can explain the lack of H20
on Venus. In the first, Venus is observed to be a dry planet because H20 was not incorporated
into Venus during planetary accretion. With H20 absent from the interior of the planet, H20
could not be outgassed to form oceans and a H20-rich atmosphere. The formation of an
amphibole under these conditions would be prohibited by the lack of H20 in the interior of the
planet. In the second scenario, the interior of Venus may possess H20 obtained during planetary
accretion, but has failed to outgas any of it. With H20 present in the interior of the planet, the
chances of an amphibole being formed from a melt are significantly higher. In the final
scenario, Venus once possessed H20, but it has since been lost. In this scenario, an amphibole
could also be formed. [Youxue and Zindler, 1992]
The most popular view regarding the H20 inventory of Venus is that the exterior once
supported H20, but it has since been lost. This view is in contrast to the initial proposal that
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Venus was devoid of H20 because accretion in proximity to the sun prevented the inclusion of
H20 [Lewis, 1972]. The importance of Venus and its proximity to the sun was eventually
challenged because of the high D/H ratio in the atmosphere, which suggests a H20 mass of 100
times the present conditions [Kasting, 1982]. This amount of H20, however, would create a
source of H20 only 0.01 to 0.1% that of the oceans on Earth [Donahue et al., 1982].
Furthermore, the high D/H ratio could be explained by the injection of comets [Grinspoon and
Lewis, 1988].
The most recent theory on Venus' H20 inventory favors the failure of Venus to have
outgassed its H20 [Youxue and Zindler, 1992]. The conclusion was based upon two criteria: 1)
the low amount of *Ar in the Venusian atmosphere, relative to the terrestrial atmosphere, and
2) the solubilities of N2, C02, and H20 in basaltic magma in relation to the inventories of these
gases present in the Venusian and terrestrial atmospheres (the value for Earth did account for
the volatiles residing in the Earth's crust). Comparison between the *Ar of Venus and Earth
was justified by the K/U and Th/U of Earth and Venus being similar, with a lower *Ar of
Venus representing a lower degree of outgassing. If a comparison is made between the
inventories of N2 , CO2 , and H20 in the atmospheres, Venus is observed to possess twice as
many moles of N2, half as many moles of CO2, and at least five orders of magnitude less H20.
Coincidentally, the solubility of N2, CO2 , and H20 in basaltic magma at 1200* C and 1 kbar of
vapor pressure is 1.8x10-, 1.8x10 8 , and 3.6x10* mol g1 bar1 , respectively. The solubilities are
inversely proportional to the amount of volatiles outgassed on Venus. If an analogy is drawn
to incompatible elements, where a small degree of melting results in a high concentration of
incompatible elements in the melt, melt-vapor partitioning results in a low number of outgassing
events releasing the incompatible gases, N2 and CO 2, while a larger number of events are
required to release the H20. The potential difference between Earth and Venus is that Earth
experienced significantly more outgassing events, so that most of its H20 could be released,
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while Venus had a lower number of outgassing events, which released most of its CO2 and N2,
but not a significant amount of H20. [Youxue and Zindler, 1992] Presumably, the H20 in
Venus' interior that has not been outgassed is still capable of producing amphiboles at depth
which could be brought to the surface through a magmatic event.
The Stability of Oxybiotites
A natural extension to the existence of oxyamphiboles on Venus are oxybiotites.
Unfortunately, biotites present many of the problems associated with the amphiboles: neither
of the minerals is commonly found in basalt and Venus' lack of H20 might prohibit the
formation of either mineral. Despite these possible obstacles, the presence of Fe2 ' and OH- in
biotites could allow Fe3+ to be produced via the same intracrystalline redox reaction that
produces the Fe3*-bearing oxyamphiboles. The assumption that biotites and amphiboles would
behave similarly, based on the presence of Fe2 + and OH, proved to be incorrect. The deviations
between the amphiboles and biotites, how they occurred, and their ramifications are the topics
of this section.
Characterization of the Biotite Structure
The conspicuous feature of the mica group is the layering of tetrahedra sheets which are
easily separated along the cleavage planes to form flakes. In biotite, Si and Al tetrahedra are
joined at three of their vertices to form the sheets. There are two major types of cation sites
formed by the layering of the sheets. The first cation site is occupied by K, Na, or Ca, while
the second site is occupied by Fe, Mg, or Al (Figure 3.37). The latter sites are edge-sharing
octahedral sites of which there are two types: a M1 site, where the OH occurs in the trans-
configuration, and a M2 site, where the OH- occurs in the cis-configuration. The cis- to trans-
configuration ratio is 2:1. In the trioctahedral mica, of which biotite is a member, the majority
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Figure 3.37: A) The structure of biotite projected onto (100) and B) the M1 and M2 octahedral
sites projected onto (001) to demonstrate their positions relative to H [Dyar and Burns, 1986].
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of the octahedral sites are occupied (as opposed to the dioctahedral mica, in which % of the
octahedral sites may be filled). [Dyar and Burns, 1986]
Characterization of the Biotite Samples
The biotites selected for study were representative of the end-member composition of annite,
K2Fe6[Si 6Al2OD](OH,F) 4. As the formula indicates, annite is distinguished by its high Fe and
low Mg and Al content in the M1 and M2 octahedral sites. The three samples selected for
Ni/NiO buffer heating experiments were from Lost Creek, MT, Cape Ann, MA, and Pikes
Peek, CO. Important features of these minerals are the number of octahedral site occupancies
and the Fe2 +, Fe3+, OH-, and F- contents (Table 3.6). [Dyar and Burns, 1986] The Lost Creek
sample, which has the lowest number of octahedral site vacancies, has a high F-, a low OH- and
a low Fe3+ content, which is consistent with the F being unable to participate in the internal
redox reaction to produce Fe+. The Cape Ann sample represents the other extreme; it does not
posses F-, has a high Fe"+ content, and has the largest number of octahedral site vacancies. The
Pikes Peak sample falls between the two extremities with respect to F- and Fe3+ content and
octahedral site vacancies. The higher OH- content of the Pikes Peak annite versus that from
Cape Ann suggests that the internal redox reaction in the Pikes Peak annite did not progress as
far as in the Cape Ann annite, which is also supported by the Fe" contents. The Lost Creek
annite, for which H20 was not reported, would be expected to have a large amount of OH- due
to the lack of Fe"+. A large OH- content is supported by the microprobe analyses of the Lost
Creek sample. The total weight percent was reported as 94.81%, with this total of less than
100% indicative of a high OH- content.
Results from the Ni/NiO Buffer Experiment
The annites were heated for 7 days and 28 days at 475*C (Figures 3.38-3.40, Table 3.7).
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Table 3.6: Compositions of the annite samples [Dyar and Burns, 1986]
Oxide Cape Ann Pikes Peak Lost Creek
SiO 2
A120 3
TiO2
Fe2O3
MgO
FeO
MnO
CaO
Na2O
K20
H2O*
H2O~
F
Others
Total
Si
Al
Fe3+
Sum Tet. Sites
Al
Ti
Fe3*
Fe2+
Mg
Mn
Sum Oct. Sites
Ca
Na
K
Sum A Sites
39.91
16.73
0.00
12.07
0.62
17.48
0.00
0.00
0.00
10.66
1.50
0.00
0.00
1.19
100.16
5.04
1.96
0.00
8.00
1.03
0.00
1.38
2.21
0.14
0.00
4.76
0.00
0.00
2.06
2.06
33.96
13.10
3.55
3.06
0.97
32.04
0.65
0.42
0.49
8.47
2.50
0.00
0.82
0.00
100.37
5.53
2.47
0.00
8.00
36.71
19.82
0.55
0.00
0.04
22.46
1.60
0.01
0.16
9.66
3.79
0.01
94.81
5.95
2.05
0.00
8.00
1.73
0.07
0.00
3.04
0.01
0.22
5.07
0.00
0.05
2.00
2.05
0.05
0.44
0.38
4.37
0.24
0.09
5.57
0.07
0.02
1.76
1.85
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Table 3.7: The amount of Fe3+ present in the various annite samples after heating at 475*C
with Ni/NiO for 7 days and 28 days. The data are from 14 constraint fits.
M1 M2
Annite Reaction Fe2 + Fe2 + Fe3+
Standard 15.68 26.71 57.60
Cape Ann 7 days 23.96 27.61 48.42
28 days 25.99 39.22 34.79
Standard 27.17 51.28 21.55
Pikes Peak 7 days 33.01 40.84 26.15
28 days 30.82 36.50 32.68
Standard 29.45 44.24 26.30
Lost Creek 7 days 34.77 45.39 19.84
28 days 36.97 40.00 23.03
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Figure 3.38: The spectrum of an unheated Cape Ann annite standard versus the spectra of Cape
Ann samples heated at 475*C with Ni/NiO for 7 days and 28 days.
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Figure 3.39: The spectrum of an unheated Pikes Peak annite standard versus the spectra of
Pikes Peak samples heated at 475*C with Ni/NiO for 7 days and 28 days.
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Figure 3.40: The spectrum of an unheated Lost Creek annite standard versus the spectra of Lost
Creek samples heated at 475*C with Ni/NiO for 7 days and 28 days.
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The results are interesting because the Pikes Peak annite was oxidized, while the Cape Ann
annite was reduced. The oxidation of the Lost Creek annite is questionable. Visual inspection
of the M6ssbauer spectra suggest that the Lost Creek annite was oxidized, but the fitting results
provide a contradiction. The spectra for the Lost Creek annite were fit in two manners. In the
first fitting iteration, the half-widths of all the peaks were constrained to be equal (a 16
constraint fit), while in the second iteration, the half-widths of the doublets were constrained to
be equal (an 14 constraint fit). In both cases, the Fe3+ component for the unheated standard was
greater than that found in the sample heated for 7 days, but less than that found in the sample
heated for 28 days. The inconsistency may be a result of the poorly defined Fe3+ peaks in the
standard, or of problems commonly associated with obtaining the M6ssbauer spectra of micas
(ease of oxidation in sample preparation, grain orientation, etc. [Dyar and Burns, 1986]). Based
on the visual inspection of the spectra, which indicate an apparent growth of the Fe3+ peaks with
heating, the Lost Creek annite was probably oxidized by the Ni/NiO buffer.
Results from the Infrared Reflectance Spectra
The reflectance spectra of the O-H fundamental stretching frequency were also measured for
the annite samples. Assignment of the absorption peaks in the annite spectra is conceptually the
same as that for the amphiboles, but is more complex because of annite's octahedral site
vacancies. Two M2 and one M1 sites exist over which two or three cations can be distributed.
Table 3.8 gives the assignment of absorption peaks for the possible combinations that can be
observed [Vedder and Wilkins, 1969]. From Figures 3.41-3.43, where the reflectance spectra
of the three annite samples are presented, it is apparent that the values of Table 3.8 are
approximate. Nonetheless, the values of Table 3.8 are sufficiently accurate for the assignment
of absorption peaks if the composition of the annite samples is considered.
The easiest assignment of absorption peaks is for the Lost Creek sample. Its composition
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Table 3.8 Assignments of the O-H vibrational frequencies observed in annite (R2 +=Mg, Fe2 ,
R3+= Al, Fe3+, V=vacancy) [Vedder and Wilkins, 1969].
Frequency
cn 1  yim Cluster
3712 2.69 Mg Mg Mg
3696 2.71 Mg Mg Fe2 +
3680 2.72 Mg Fe2+ Fe2+
3664 2.73 Fe2+ Fe2+ Fe2 +
3668 2.73 R3+ Mg Mg
3652 2.74 R3+ Mg Fe2+
3636 2.75 R3+ Fe2+ Fe2 +
3625 2.76 R2+ R2+ V
3600 2.78 R2+ R3+ V
3560 2.81 R3+ R3+ V
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Figure 3.41: The IR reflectance spectra for the Lost Creek standard and the sample heated with
Ni/NiO for 28 days at 475*C.
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Figure 3.42: The IR reflectance spectra for the Cape Ann standard and the sample heated with
Ni/NiO for 28 days at 475*C.
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Figure 3.43: The IR reflectance spectra for the Pikes Peek standard and the sample heated with
Ni/NiO for 28 days at 475*C.
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indicates that the octahedral sites are occupied by Fe2 + and Al3+, but in insufficient quantities
to fill all the octahedral sites so that some vacancies are present. As a result, five peaks are
observed in the spectra and they correspond to the following clusters: Fe2 +-Fe2 +-Fe2 +,
Fe2 +-Fe2+-A13+, Fe2 +-Fe2+-V, Fe2+-A13+-V, and A13+-Al3+-V (the absorption peaks of the first
two clusters are rather conspicuous, while the resolution between the latter three is poor). The
chemical composition of the Cape Ann annite indicates the presence of Fe2 +, Fe3+, A13+, and
a high number of vacancies in the octahedral sites. The following clusters are thus
present: Fe2+-Fe2 +-Fe2+, Fe2 +-Fe2+-(Fe3+,A13+), Fe2+-Fe2 +-V, Fe2 +-(Fe3+,A13+)-V, and
(Fe3+,A13+)-(Fe 3+,A13+)-V. Because of the large number of vacancies in the Cape Ann annite,
the absorption peaks attributed to the vacancies is rather pronounced. Finally, the Pikes Peak
annite contains primarily Fe2 + and nearly equal amounts of Mg2 +, Fe3+, and Ti", with some
vacancies. The large amount of Fe2 + present in the Pikes Peak sample is responsible for the
Fe2 +-Fe2 +-Fe2 + cluster providing the strongest absorption.
After heating for 28 days with Ni/NiO at 475*C, the peaks, associated with clusters that
have vacancies, experienced the greatest decrease in absorption. Hydroxyl radicals located at
vacant sites are susceptible to the following reaction when heated [Vedders and Wilkins, 1969]:
OH- + OH- - 02- + H20. (3.4)
The Cape Ann sample possessed OH- and a relatively large number of vacancies which allowed
the OH- to form O and H20. The reaction of the OH- at the vacancies corresponds to the
decrease in absorption of the peaks near 3.80pm. In contrast to the Cape Ann annite, the Lost
Creek annite contained relatively few vacancies and was not susceptible to reaction 3.5. As a
result, its spectrum was unaltered by the heating experiment.
The results of the Ni/NiO experiments may now be explained thoroughly. Due to the high
number of vacancies in the Cape Ann annite, a large amount of H20 and O1 was formed, as
indicated by its reflectance spectrum. The 0 just created is not chemically bound to any other
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atoms except the atoms in the octahedral sites, and consequently can reduce the Fe3+ to form
Fe2 + and 02. The 02, given the low f, of the evacuated cell, effervesces from the biotite
structure to the Ni of the Ni/NiO buffer. Recalling the explanation of the reduction of laihunite
and hematite, Fe3+ was reduced in these minerals because of oxidizable 02- or "excess" 02 (i.e.,
oxygen that was added to the system). Similarly, "excess" 02 produced in the Cape Ann annite
is capable of reducing Fe3+. The Pikes Peak and Lost Creek minerals contained an insufficient
amount of vacancies and/or a high amount of F- such that "excess" 02 could not be produced
to reduce the Fe'+ present in their structures.
The oxidation trends observed in the annites, and especially for the Pikes Peak annite, are
explained by the same mechanism by which the oxyamphiboles are formed. The Pikes Peak
annite experienced a decrease in its 0-H absorption peak near 3.8 im, but an increase in its Fe3+
absorption peak in its M6ssbauer spectra. The mechanism which accounts for both of these
results is the oxidation of Fe2 + through dehydrogenation. The Lost Creek annite which
experienced relatively small changes in both its M6ssbauer and reflectance spectra indicates that
the amount of F is important in determining the extent by which an annite can be oxidized.
Based on the experimental results in which oxybiotites were reduced and oxidized, a
conclusive statement about the stability of oxybiotites on Venus cannot be made. If the
oxybiotite contains a high number of vacancies, then the Fe3+ can be reduced by the Venusian
atmosphere and the oxyamphibole is consequently unstable. If most of the oxybiotite's
octahedral sites are occupied or the oxybiotite possesses some F-, then the oxybiotite should be
stable. Unfortunately, knowledge does not exist about the composition of biotites on Venus, and
thus the existence of oxybiotites on Venus is still questionable. The possibility of their
occurrence, however, unlike that of hematite and laihunite, has not been eliminated by the
experimental results.
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Results from the Visible-Near IR Reflectance Spectra
Unlike the amphiboles, which show a correlation between increasing reflectivity in the near
IR with increasing amounts of Fe3+, the annites do not exhibit such a trend (Figure 3.44): The
Cape Ann annite, which has a higher Fe3+ content than the Lost Creek annite, has a lower near
IR reflectivity than the Lost Creek annite. Comparison between the annite spectra and the
Venusian near IR spectra again leads to the same conclusions that were discussed with the
amphiboles. All the annite spectra show an increase in reflectivity as the near IR is approached,
but whether these characteristics could be observed if annite was a component of a rock is
unknown.
Conclusion
The experimental results in this chapter provide definitive constraints on the mineralogy of
Venus. First, hematite and laihunite cannot exist as metastable or stable minerals on the surface
of Venus. Second, oxyamphiboles and oxybiotites may be stable, although in each case, there
are restrictions on their stability. Oxyamphiboles appear to be unstable when the outer Fe3 + -
oxide layer, which only appears on amphiboles containing 100% Fe3+, is reduced by either the
Ni/NiO or FeS2/Fe.S buffers. The oxybiotites, on the other hand, may be reduced if a large
number of octahedral sites are vacant. If these two situations are avoided, oxyamphiboles and
oxybiotites appear to be stable under the reducing conditions of Venus.
The study of the stabilities of the above minerals was undertaken due to the high reflectivity
observed in the near IR of the Venusian rocks. Although progress has been made to narrow the
field of minerals that may produce the high reflectivity, a definitive answer has not been
obtained as to whether oxyamphiboles and oxybiotites can actually produce the characteristic
Venusian spectrum. While this question still remains unresolved, the existence of oxyamphiboles
and oxybiotites on Venus begins to encroach on the problem of Venus' H20 inventory. If
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Figure 3.44: The visible-near IR reflectance spectra for the Cape Ann, Pikes Peek, and Lost
Creek annite standards.
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oxyamphiboles or oxybiotites are ever proven to exist on Venus, their presence will have
ramifications for this problem as well, making studies concerning the existence of oxyamphiboles
and oxybiotites on Venus all the more important and intriguing.
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Chapter 4
The Stability of Iron Sulfides in the
Areas of Low Emissivity on Venus
Introduction
The functions performed by the Magellan orbiter were side-looking synthetic aperture radar
(SAR) imaging, nadir-directed altimetry, and thermal emissions radiometry. [Pettengill et al.,
1991] The radiometric studies of the Venusian surface have provided interesting results that
continue to elude an accepted explanation. The most dramatic feature of the radiometric data
is the decrease in emissivity at the elevated regions of the planet. There are exceptions,
however, to this general observation. High emissivities have also been observed at the elevated
regions, while low emissivities have been recorded at some of the impact craters on the lower
plains. Any theory accounting for the low emissivities at elevation will also be challenged to
explain the "anomalous" areas of emissivity as well.
The first objective of the present chapter is to determine the extent CO 2 can weather pyrite
and pyrrhotite. Pyrite was proposed to occur on Venus because its high electrical conductivity
could explain the low emissivities [Pettengill et al., 1982]. With the recent results of the
Magellan mission, debate on whether pyrite is responsible for the low emissivity has intensified.
Based on experimentation and thermodynamic arguments, a claim was made that CO2 weathers
pyrite to form COS, and hence pyrite could not be present anywhere on Venus for geologic time
scales [Fegley and Treiman, 1990; Fegley et al., 1992a,b; Fegley and Lodders, 1993]. Two
problems, however, are associated with the above claim. First, the CO2 used to weather the Fe
sulfides in the experiments contained a large amount of 02 as an impurity, and second, the COS
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fugacity involved in the thermodynamic arguments may not be representative of the COS
fugacity of the near-surface atmosphere. Experimentation and thermodynamic arguments to be
presented will suggest that the previous arguments involving CO2 and COS in the weathering of
pyrite may be incorrect.
The second objective of this chapter is to perform thermodynamic calculations which define
the magnetite, pyrite, and pyrrhotite stability fields. Previous thermodynamic calculations had
been performed that predicted a magnetite to pyrite phase transition at 720K, or the
corresponding elevation at which the transition from high to low emissivity occurs [Kose et al.,
1992]. A shortcoming of these thermodynamic calculations is that they did not concentrate on
the gases of the atmosphere whose fugacities are most likely to change due to the changes of
temperature and pressure associated with increasing altitude. The fugacities most susceptible to
change with increasing altitude are those that are relatively small, such as those of 02 and S2-
Thermodynamic calculations will be performed that determine the stability fields of magnetite,
pyrite, and pyrrhotite with respect to the fugacities of 02 and S2. The results of the calculations
demonstrate that changes in the fugacities of S2 and 02 are observed with changes in altitude.
Furthermore, the changes in fugacities result in a magnetite to pyrite transition at the expected
elevation of the high to low emissivity transition.
Finally, a model will be presented that attempts to account for the areas of low emissivity
at the low elevation impact craters. The model calls for the presence of Fe-Ni sulfides, with the
source of Fe and Ni coming from the projectile that produced the impact crater. A statistical
analysis is conducted which correlates the frequency of low emissivity craters with the fall
frequency of meteorites rich in Fe and Ni. The results demonstrate that the frequency of low
emissivity craters coincides with the expected frequency that Fe and Ni-rich projectiles struck
Venus.
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Models Accounting for Low Radiothermal Emissivity
The Theory of Radiothermal Emissivity
The underlying principle behind radiometry is that a heated object will radiate
electromagnetic radiation from its surface. To a first order approximation, the frequency and
intensity of the radiation emitted is proportional to the surface temperature of the object; the
hotter an object, the greater the intensity at which higher frequency radiation will be emitted.
Hence, if the intensity of emission of a specific wavelength of radiation can be measured, a
surface temperature can be estimated for the object. [Hanna, 1981] In practice, complications
arise, and often a measured surface temperature is different from the actual surface temperature.
The ratio of the measured temperature to the actual temperature is directly proportional to the
radiothermal emissivity. [Ford and Pettengill, 1983]
The radiothermal emissivity of an object is a function of its electrical properties and
geometrical characteristics [Ford and Pettengill, 1983; Pettengill et al., 1988; Pettengill et al.,
1992; Wilt, 1992] . Because the reflectivity of an object is also a function of electrical and
geometrical features, an inverse relationship exists between the reflection and emission of
microwaves from the Venusian surface [Ford and Pettengill, 1983; Garvin et al., 1985]. The
low emissivity regions observed on Venus also have a high radar reflectivity. The relationship
between emissivity and reflectivity does have limitations, as reflectivity is much more sensitive
to surface roughness than emissivity. In some cases, surface roughness causes a high radar
reflectivity where a low emissivity is not observed.
There are two primary theories on what causes the low emissivities of Venus. The first
theory, volume scattering, invokes a mechanism which is dependent upon some geometric
feature of the surface on which the radiometric measurement is being made. In volume
scattering, incident electromagnetic radiation penetrates a surface and is internally reflected.
After successive internal reflections, the radiation is eventually redirected so as to be emitted
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from the material. [Tryka and Muhleman, 1992] The second theory that accounts for low
emissivities involves the electrical property of the surface being measured. In the microwave
region at which the emissivities were being measured (12.6 cm for Magellan), the presence of
a electrically conducting mineral in sufficient quantity will produce a rock with a high dielectric
constant. This assemblage, which can produce low emissivities, is called a loaded dielectric.
[Ford and Petengill, 1983; Pettengill, et al., 1988; Garvin et al., 1985]
Volume Scattering
Volume scattering has been suggested to be responsible for the areas of low emissivity on
Venus [Pettengill et al., 1992, Wilt, 1992; Tryka and Muhleman, 1992]. Volume scattering is
worthy of consideration because it has been observed to occur for other objects in the solar
system. Two of the Galilean satellites of Jupiter, Europa and Ganymede, have surface
emissivities of 0.6. The surfaces of these satellites consist of ice, which has a maximum
dielectric constant of 3.1. With such a low dielectric constant, the low emissivities observed are
not the result of ice's dielectric constant. Instead, fractures in the ice cause internal reflections
of the radiation that is ultimately emitted. A low emissivity is observed because the intensity
of the radiation emitted is lower than that expected for the surface temperature of the object.
[Tryka and Muhleman, 1992; Pettengill et al., 1992]
Volume scattering was proposed to occur on Venus because some of the reflected radar
signals received (for mapping) were depolarized. Initial results from the 12.6 cm Arecibo radar
system demonstrated that radar echos received from Maxwell Montes are virtually depolarized
[Pettengill et al., 1992]. The Arecibo results are consistent with the report of a strong
correlation between increasing depolarization with increasing altitude [Tryka and Muhleman,
1992]. The depolarization is caused by scattering of the incident radiation, which can only result
from rough surfaces or volume scattering. Volume scattering can only cause the depolarization,
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however, if a relative increase in the transparency of the Venusian soil or an increase of the rock
fraction in the soil occurs [Tryka and Muhleman, 1992]. Because the depolarization shows a
dependence on altitude, the transparency of soil or increase of rock fraction would also have to
show a dependence on altitude.
Several problems exist with the depolarization being dependent on altitude. The rock
fraction increasing with altitude cannot be easily explained. Furthermore, there is a difference
between ice and silicates. Ice is much more transparent to microwaves than silicates, which
allows for a larger amount of the incident radar signal to penetrate the surface of an icy object
and to experience more scattering events before emission [Ostro and Shoemaker, 1990]. For
silicates on Venus to behave similarly, the silicate rock must become more transparent in the
microwave region. The mechanism explaining the transition to transparency with a gain in
altitude has not been determined. Despite the arguments against volume scattering, though, the
depolarization of radar signals has been observed with Venus, which indicates some type of
scattering is occurring.
Not all of the reflected radar signals in areas of low emissivity show depolarization. In Beta
Regio, depolarization was not observed, which indicates that volume scattering would not be
operative in this area [Pettengill et al., 1992]. With this result, a dilemma is encountered.
Depolarization can result via volume scattering, but it does not occur at every location that has
a low emissivity. The dilemma implies that more than one mechanism is at work to produce the
radar-scattering and low emissivity characteristics.
The Loaded Dielectric
In the discussion of factors that influence emissivity, a high dielectric constant was stated
to lead to a low emissivity, and thus a high reflectivity. With a pure mineral, predicting the
reflectivity of the mineral based on its dielectric constant is straight forward. If, however, a
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reflecting rock surface contains several different minerals with various dielectric constants, then
predicting the reflectivity of the mineral assemblage is more difficult. The more difficult case,
where several different minerals are present, is the situation presented on the surface of Venus.
The silicate mineral assemblages expected to occur on Venus (i.e., those of basalts) typically
have dielectric constants of approximately 3 to 7 when measured at 0.5 to 1.8 GHz (or
wavelengths of 16.7 to 60.0 cm) [Ulaby et al., 1990]. Dielectric constants of 3 to 7 are too low
to produce the emissivities observed on Venus. To increase the dielectric constant of the rock,
a material with a high electrical conductivity must occur in the matrix of the rock to form a
loaded dielectric. The resulting dielectric constant for the whole rock is given by:
= e1{[1 + (1 - )y]/[1 - ,cy)]}, (4.1)
where e, is the dielectric constant of the matrix, y is a function directly proportional to the
volume of the electrically conducting mineral, and K is a parameter for the effective dielectric
constant surrounding each fragment [Pettengill et al., 1988].
Assuming a dielectric constant of 5 for the host basaltic rock containing the electrically
conducting mineral, the volume fraction of the conducting mineral has been calculated for
various regions of Venus with low emissivities. For Maxwell Montes, where a dielectric
constant of 38.7 is observed, the volume fraction of the conducting mineral is calculated to be
13.8% [Pettengill et al., 1988]. For lower regions, such as Thetis Regio where the dielectric
constant is observed to be 20.5, the volume fraction of the conducting mineral is correspondingly
lower and is calculated to be 8.6%. From these calculations, a general model for the loaded
dielectric has emerged [Pettengill et al., 1988]. To produce the low emissivities observed for
Venus, the bulk rock must have a dielectric constant of 20. For a basaltic rock, this relatively
high dielectric constant may only be realized if a conducting mineral is present in the basalt and
the conducting mineral constitutes nearly 10% of the basalt's volume. [Pettengill et al., 1988]
To demonstrate the feasibility of a loaded dielectric, thermodynamic calculations [Kiose et al.,
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1992] have shown that equilibrium assemblages containing 7 to 9% pyrite are possible at the
higher elevations on Venus.
Weathering of Iron Sulfides by Carbon Dioxide
The stability of pyrite on Venus has been the focus of study since the suggestion that the low
emissivities measured by Pioneer Venus could be produced via a loaded dielectric consisting of
pyrite. [Pettengill et al., 1982]. Since this initial suggestion, however, the stability of pyrite has
been questioned. The most recent studies have concentrated on the role of CO2 in the
weathering of pyrite [Fegley and Treiman, 1990; Fegley et al., 1992a,b; Fegley and Lodders,
1993]. The weathering of pyrite by CO2 is argued to be a consequence of the non-equilibrium
atmospheric mixing ratio of COS. With a rapid rate of weathering by CO 2 to increase the
fugacity of COS, the argument was suggested that pyrite could not possibly form a loaded
dielectric on Venus.
Previous Studies on Weathering by Carbon Dioxide
Two studies have been performed on the kinetics of iron sulfide weathering by C0 2: one
involving pyrrhotite [Treiman and Fegley, 1991] and the other involving pyrite [Fegley and
Treiman, 1990; Fegley and Lodders, 1993]. In the pyrrhotite experiments, measured blocks of
pyrrhotite were reacted isothermally at temperatures from 524 to 787*C in 1 bar of 99.95%
CO2. During the reactions, the blocks became covered with magnetite, which led to the
postulation of the following formula:
3 Fe7S, + 76 C02 v 7 Fe3 0 4 + 76 CO + 24 SO (4.2)
Using the measured rates of reaction, an Arrhenius plot was produced that allowed the reaction
rate for pyrrhotite to magnetite at Venusian temperatures to be extrapolated. The conclusion of
the study was that mm-sized grains of pyrrhotite are expected to weather to magnetite within a
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couple of centuries. [Treiman and Fegley, 1991]
The results of the experiments investigating the weathering of pyrite are more complex than
the results of the pyrrhotite experiments. Pyrite crystals of known weight and surface area were
heated isothermally at temperatures from 465 to 845*C at 1 bar pressure in presumably 99.95%
CO2 (the purity of the CO2 was not specified) [Fegley and Treiman, 1990] or in 99.99% CO2
with an 02 impurity of 20 ppm [Fegley and Lodders, 1993]. Initial estimates of the weathering
rate assumed the pyrite was being converted to magnetite [Fegley and Treiman, 1990], but
further investigation found that the pyrite was being converted to a mixture of pyrrhotite and
magnetite [Fegley and Lodders, 1993]. The revised rate, which measured how rapidly pyrite
was converted to pyrrhotite, did not change the earlier conclusion of the kinetic experiments.
Pyrite on Venus should be weathered to pyrrhotite in a matter of years, and therefore could not
be responsible for the low emissivities unless it was being rapidly replenished (which is
considered unlikely). [Fegley and Treiman, 1990; Fegley et al., 1992a,b]
The Ineffectiveness of Carbon Dioxide in Weathering Iron Sulfides
In contrast to the above experimental results, pyrite and pyrrhotite did not show any signs
of oxidation when heated in CO2 that was free of an 02 impurity. Chapter 3 briefly alluded to
experimental results which indicated that using 99.95% CO2 can lead to misleading results
regarding the oxidation of Fe-bearing minerals on Venus. The consequences of using impure
CO2, however, was overlooked in the above studies. In an attempt to demonstrate that CO2 is
an unreactive gas (in a H20 free environment), pyrite and pyrrhotite were heated with NaHCO3
in evacuated quartz cells at 475 0C. At 2700C, NaHCO decomposes to NaOH and CO 2 [Weast,
1983], yielding a source of pure CO2 that may react with pyrite and pyrrhotite.
For each reaction run, 100 mg of FeS2 or Fej..S were used. The following reactions are
assumed for the weathering of FeS2 and Fe..S by CO2 [Treiman and Fegley, 1991]:
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3 Fe7S, + 76 CO2 - 7 Fe 4 + 76 CO + 24 SO2  (4.3)
3 FeS2 + 16 CO 2 - 3 Fe3 0 4 + 16 CO + 6 SO2. (4.4)
Regardless of equilibrium constraints which might prevent the reactions from completion, nearly
300 mg of NaHCO3 is needed to produce enough CO2 to fully oxidize either of the iron sulfides
to Fe304. (reaction 4.3 appears to use more CO2, but pyrrhotite has a higher molecular weight
than pyrite, so not as many moles of pyrrhotite are present in a 100 mg sample). Because the
CO2 was being released into a closed cell which would be heated, only 50 mg of NaHCO3 was
placed in the cells with the FeS2 or Fe1..S. This amount of NaHCO could not convert all of the
sulfides to Fe3O4, but if a reaction did occur, the reaction could proceed far enough to be
detected by M6ssbauer spectroscopy.
The procedure for creating the evacuated cells was similar to that described in Chapter 3,
except for a few modifications. To create a higher volume to allow the presence of more CO2,
the cells were constructed of 9 mm vycor tubing but 25 cm in length to accommodate a
relatively large amount of CO2. Before heating, the Fei.S and FeS2 grains (diameters of 74 to
250 ym) were washed in 10% HCl to remove any oxide coating. Afterwards, the FeS2 or
Fel.S, and NaHCO 3, were each put into separate vycor tubing cups. To prevent the cups from
sliding all the way to the bottom of the cell, heat retardant ribbon was placed half way down the
tube. When the samples were slid to this spot and heated in a pipe furnace, the samples were
ensured of being at the hot spot of the furnace.
The reactions were allowed to run 30 days at 475 *C. After the heating period, the remains
of the NaHCO were dissolved in 10 ml of H20 to confirm that the NaHCO had decomposed
to NaOH and CO2. The pH of the solution was >11, confirming that NaOH had been
produced, as an equivalent amount of NaHCO in 10 ml of H20 produces a pH near 8. The iron
sulfides were analyzed by M6ssbauer spectroscopy to detect if Fe3 04 had been produced as an
oxidation product.
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Conclusions from the Experiments
The heating experiments demonstrate that pyrite and pyrrhotite are not prone to oxidation
by CO2 (Figures 4.1 and 4.2). The results illustrate that CO2 did not oxidize the pyrite or
pyrrhotite, which contradicts the previous studies in which pyrite and pyrrhotite were oxidized
rapidly by CO2 [Fegley et al., 1990, 1992a,b, 1993; Treiman and Fegley, 1991]. Which study
is correct? In favor of the present study is that the 30 ppm 02 impurity present in commercial
CO2 cylinders was not present in the evacuated cells. A potential problem with the present study
is that equilibrium constraints may keep the pyrite and pyrrhotite from being oxidized. A
possible scenario is that an undetectable amount of pyrite and pyrrhotite could be oxidized, but
once the new gaseous species are introduced into the closed cell, the further oxidation of pyrite
and pyrrhotite is inhibited. On the other hand, it is not hard to imagine that in the previous
studies, the 20 ppm of 02 in the 99.99% CO 2 could be responsible for the oxidation of the iron
sulfides. As alluded to earlier, the Ni/NiO buffer system was adopted because of the impurity
of 02 in the CO2. To demonstrate the dire effects of 02 impurities, experiments were conducted
in which minerals were heated under a stream of N2 which contained 10 ppm of 02. After
heating, the minerals were oxidized. Obviously, N2 is not capable of oxidizing minerals.
The rates at which CO2 reacts with pyrite and pyrrhotite were measured by Fegley et al.
[1990, 1991, 1993] to complement a thermodynamic argument suggesting that pyrite cannot exist
on Venus due to the low COS fugacity [Fegley et al., 1992a,b]. The mixing ratio of COS was
measured as 0.3 ppm at 32 km by an earth based telescopic observation [Bzard et al., 1990].
Based upon the mixing ratio of 0.3 ppm, COS is believed to be out of equilibrium with the other
Venusian gases. If pyrite exists on the Venusian surface, then pyrite is claimed to be weathered
by CO 2 and CO to bring the COS fugacity to its equilibrium value by the following reaction:
3 FeS2 + 2 CO + 4 C0 2 *6 COS + Fe3O4. (4.5)
Considering the rates at which pyrite was weathered by C0 2, reaction 4.5 is expected to occur
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Figure 4.1: The M~ssbauer spectra of pyrite before and
CO2 uncontaminated by 02.
after heating in an evacuated cell with
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Figure 4.2: The M6ssbauer spectra of pyrrhotite before and after
with CO2 uncontaminated by 02.
heating in an evacuated cell
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rapidly. If pyrite is being rapidly weathered, pyrite should not be able to form a loaded
dielectric. [Fegley and Treiman, 1990; Fegley et al., 1992a,b]
Two potential problems exist with the COS thermodynamic argument: 1) the COS mixing
ratio is not for the near-surface atmosphere and 2) the free energy of reaction 4.5 is positive
[Straub, 1993]. In regard to the first problem, thermodynamic calculations to be performed will
demonstrate that the fugacities of several gases can vary with a change in altitude (corresponding
to the changes in temperature and pressure). The fugacities prone to change in elevation are
those present in trace amounts, such as COS (Table 2.2). Therefore, to use the fugacity of COS
at 32 km for a near-surface thermodynamic constraint may be unwarranted.
The positive free energy of formation for reaction 4.5 (+264 kJ at 740K) may only be a
problem in that it is not the literal reaction that weathers pyrite. If the fugacities of CO2 , CO,
and COS are assumed to be correct for the near-surface atmosphere, then pyrite is unstable and
will be weathered to magnetite. The following reaction, however, represents the probable
mechanism by which an equilibrium COS fugacity can be achieved:
3 FeS2 + 6 CO + 2 0 2 w6 COS + Fe, 4 . (4.6)
The free energy of formation for reaction 4.6 is -614 kJ at 740K, and therefore is a spontaneous
process. Under the probable mixing ratios of the Venusian atmosphere for CO and COS,
magnetite is the stable phase given an oxygen fugacity of 1x103 bar (Table 4.1 and Figure 4.3).
Although reaction 4.6 produces the same conclusion as reaction 4.5 (i.e., pyrite is unstable), the
free energy of reactions indicate that pyrite is weathered by 0 2 and CO rather than CO2 and CO.
Regardless of the mechanism by which pyrite is actually weathered, however, the COS fugacity
used in both cases, as mentioned above, is probably not representative of the true COS fugacity
in the near-surface atmosphere. Thus, the mechanism by which pyrite is weathered is a mute
point.
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Table 4.1: Given the following COS and CO mixing ratios, the oxygen fugacities that define
the pyrite/magnetite boundary curve. Relatively high oxygen fugacities (such as those on Venus)
correspond to the magnetite stability field. The Kq values correspond to the reaction below.
0.75 FeS2 + 1.5 CO + 0.5 02 * 0.25 Fe3 04 + 1.5 COS
0.3 ppm COS, 10 ppm CO
Temp. (K) Kq fcos fco fo, Log fA
740 6.47x1010 2.88x10 9.60x104 6.44x10-" -26.19
720 1.53x10u 2.43x104 8.10x104 1.16x10- -26.93
700 3.77x10" 2.04x107 6.80x1O4 1.89x10- -27.72
0.3 ppm COS, 40 ppm CO
fcos fco Ao, Log fo
740 6.47xI0i" 2.88x10 3.84x10- 1.21x10- -27.92
720 1.53x10" 2.43x10 3.24x10- 1.81x10" -28.74
700 3.77x10" 2.04x10- 2.72x10- 2.96x104" -29.53
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Figure 4.3: A phase diagram predicting the stability of magnetite given the expected oxygen
fugacity range of the Venusian atmosphere.
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Thermodynamic Calculations Predicting the Stability of Pyrite
Evidence for the stability of pyrite at the high elevations of Venus was provided by free
energy minimization calculations [Kiose et al., 1992]. The calculations performed were based
on a routine that finds the mineral assemblages and gas species of Venus that minimize the total
Gibbs free energy of the system given the elemental compositions of the surface and atmosphere.
The first important finding was that in all cases tested (different temperatures and fractional
oxygen deficiencies), an Fe oxide or sulfide mineral was always observed. In addition to
confirming the presence of an Fe oxide or sulfide with a high electrical conductivity, the study
also predicted which Fe oxide or sulfide is stable at a given temperature (and hence altitude).
Finally, the volume fraction of the Fe sulfide or oxide present, which is an important parameter
in forming a loaded dielectric, was calculated. Despite the important findings of this study,
however, some deficiencies exist.
The oxygen fugacity was not used in the calculations to determine or constrain the redox
state of the atmosphere. Instead, an oxygen deficiency value was assumed and was defined as
the fractional amount by which the oxygen in the system cannot react with all the carbon to form
CO 2. The fractional deficiency, 6, was calculated from the mixing ratios of CO2, H20, and SO2,
and the bulk atomic ratio of 0 to C, by the formula:
O/C = [2(1 - 6)xco. + xmo + x,j / xco2. (4.7)
The mixing ratios of 185 ppm SO2, 100 ppm H20, and 0.964 CO2 were selected to determine
6. The behavior of the fractional oxygen deficiency with respect to the oxygen fugacity is
illustrated in Figure 4.4. In Figure 4.4, a low oxygen deficiency indicates relatively oxidizing
conditions, while a high fractional oxygen deficiency is characteristic of reducing conditions.
[Kiose et al., 1992]
The significant result of the calculations is that the conditions were determined under which
the various Fe oxide and sulfide minerals are stable (Figure 4.5). Three 6 values are considered
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Figure 4.4: The relationship between the fractional oxygen deficiency (6) and the equilibrium
fo at various temperatures [Elose et al., 1992]
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Figure 4.5: A phase diagram showing the expected stability fields of pyrite, pyrrhotite,
hematite, and magnetite. The dashed lines represent the fractional oxygen deficiency values at
which a phase change will occur at 720K. [Klose et al., 1992]
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in Figure 4.5, with each value crossing a boundary field curve at 720K, or at approximately the
elevation where the high emissivity to low emissivity transition occurs. To determine which 5
is the most probable on Venus, a comparison was made to the mixing ratios of the'gases
predicted from the various 6's to those from the Venera and Pioneer Venus data. The best
mixing ratio for comparison is that of CO. The mixing ratios of H20 and SO 2 should be close
to 100 and 185 ppm, respectively (they helped define 5), H2 and H2S have not been
experimentally constrained as well as CO, and COS may not be in equilibrium with the
atmosphere. The 6 values of 4.6x1O4, 2.6x10r, and 9.0x10' yielded CO mixing ratios of
approximately 414, 12 and 1 ppm, respectively. Recalling the discussion in Chapter 2 about the
CO mixing ratio, the best 5 value is 2.6xl0. The value indicates that if the transition of high
to low emissivity is the result of a loaded dielectric, then the magnetite to pyrite transition is
responsible for the observed differences in emissivities. [Kiose et al., 1992]
Another aspect of the study was the calculation of the mixing ratios for the gases with
respect to the stable Fe oxide or sulfide that was predicted for a given temperature and 5. The
most dominant S-bearing gas in the atmosphere, SO2, was suggested to react with magnetite to
form pyrite via the following reaction [Kiose et al., 1992]:
Fe3O4 + 6SO2 + 16 CO - 3 FeS2 + 16 CO2. (4.8)
What was not mentioned, however, was the behavior of S2. Figure 4.6 indicates that the mixing
ratio of S2 steadily climbs (starting from the right, where the conditions are oxidizing and
hematite is stable) until it peaks at a fractional deficiency of approximately 2.2x104. At this 5
and a temperature of 737K (the temperature for which Figure 4.6 was produced), pyrite is the
stable phase (Figure 4.5). At higher 6's, where the S2 mixing ratio falls, pyrrhotite becomes the
stable phase. The variation in the mixing ratio of S2 with respect to the various stability fields
was overlooked by the investigators (although this negligence does not diminish the importance
of the other results). Thermodynamic calculations presented later will correlate the fugacity of
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Figure 4.6: The mole fractions of the 20 most abundant gases in the Venusian atmosphere at
an altitude of 0.5 km (737K and 97.0 bars) [Kiose et al., 1992]. Of note is the behavior of S2
which has a relatively low mole fraction with the fractional oxygen deficiency values
corresponding to the pyrrhotite, magnetite, and hematite stability fields (Figure 4.5), but has a
relatively high mole fraction in the area corresponding to the pyrite stability field.
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S2 with respect to the stability fields of pyrite, pyrrhotite, and magnetite. The results of these
calculations will constrain the conditions under which pyrite, pyrrhotite, and magnetite are stable
in a more satisfactory manner than in the study just reviewed.
Gaseous Sulfur and the Pyrite Stability Field
Impetus for Studying the Role of Gaseous Sulfur
In Chapter 3, the FeS2/Fei..S buffer experiments, which attempted to oxidize the amphiboles
with S2, demonstrated the role of S2 in regard to the stability of pyrite. In the initial
experiments, the FeS2 and amphiboles were wrapped in Ag foil. After one day of heating, the
Ag foil had been oxidized to black Ag2S (argentite) and the pyrite had been converted to
pyrrhotite. The result is understood with the phase diagram in Figure 4.7. Pyrite requires a
relatively high f. for stability, while Ag requires a relatively low f.. As a result, the pyrite was
reduced to pyrrhotite and the Ag was oxidized to Ag2S, thereby establishing an f. where both
pyrrhotite and argentite are stable. The results of this experiment demonstrate the importance
of ft in regard to the stability of pyrite on Venus.
Rate of Formation and Decomposition of Pyrite and Pyrrhotite
The conversion of pyrite to pyrrhotite in the presence of Ag (i.e., a low f) was a rapid
process. This experiment leads to questions about the rates of formation of pyrite from
pyrrhotite at a relatively high fs, and the rates of formation and decomposition of pyrite at a ft
that is near the pyrrhotite/pyrite phase boundary. The purpose of the following experiments is
to demonstrate that the more out of equilibrium the ft is with the mineral, the faster the
equilibrium phase will be produced. In regard to the high elevations of Venus, the f. will be
at, or slightly above, the pyrite and pyrrhotite phase boundary curve when pyrite begins to form.
In the situation where the ft is not greatly out of equilibrium, the production and decomposition
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Figure 4.7: A phase diagram indicating the
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sulfur fugacities at which pyrite may be stable
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of pyrite is slower, but occurs nonetheless.
To gauge the effect f. has on the weathering of pyrrhotite and pyrite, three types of
experiments were conducted at 475*C: 1) pyrite was heated with Ag, 2) pyrrhotite was heated
with covellite (CuS), and 3) pyrite and pyrrhotite were heated together. The experiments were
performed in evacuated cells, following the procedures described earlier.
If the mineral assemblages and f, are greatly out of equilibrium, the transformation to the
equilibrium phases is relatively rapid. Figure 4.8 shows the pyrrhotite sample after heating with
CuS for 7 days. Virtually none of the pyrrhotite remains after 7 days, having been converted
to pyrite. Likewise, Figure 4.9 illustrates that the formation of pyrrhotite is also rapid when
pyrite is heated with Ag. In contrast to these results, pyrite and pyrrhotite are unchanged when
heated together for 7 days. Only after 3 months of heating has sufficient S2 effervesced from
the pyrite to form pyrite from the pyrrhotite (Figure 4.10).
Thermodynamic Calculations for the Pyrite, Pyrrhotite and Magnetite
Stability Fields
The effects of fA on the stability of pyrite and pyrrhotite on Venus has been given scarce
attention by researchers. While COS and SQ can affect the stability of iron sulfides, as
suggested in the previous sections, these gases are not the only determining factors. If, by
analogy, the stabilities of hematite and magnetite are being considered, the f, of the system is
usually of concern and not the highest O-bearing gas, such as H20 or CO 2. To translate the
argument to Venus, the f, should also be considered in determining the stabilities of iron
sulfides. This argument, however, is an over simplification because Fe304 is a plausible Fe-
bearing mineral on Venus, which could have an effect on the pyrite or pyrrhotite stability fields.
Thus, in addition to considering the fs of the atmosphere, the fa also requires consideration.
Given the f& and fa of the Venusian atmosphere, the stability fields of pyrite, pyrrhotite, and
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Figure 4.8: The formation of pyrite when pyrrhotite is heated with covellite in an evacuated cell
for 7 days at 475*C.
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Figure 4.9: The formation of pyrrhotite when pyrite is heated with silver in an evacuated cell
for 7 days at 475*C.
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Figure 4.10: The formation of pyrite and pyrrhotite when both minerals are heated together for
12 weeks at 475*C in an evacuated cell.
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magnetite can be predicted.
Data and Assumptions for the Thermodynamic Calculations
The first assumption to be made about the thermodynamic calculations is that
thermochemical equilibrium exists in the near-surface atmosphere. Photochemical reactions,
which occur in the upper portions of the atmosphere [Prinn, 1985], may interfere with
thermochemical equilibrium being established in the lower portions of the atmosphere.
Photochemical reactions probably due not occur in the lower portions of the atmosphere because,
as mentioned in Chapter 2, most of the blue and UV light is effectively absorbed and scattered
by the upper portions of the atmosphere (which led to the orange hue captured in the Venusian
images). The only other process that could interfere with thermochemical equilibrium being
achieved is a flux of photochemical products from the upper atmosphere to the near-surface
atmosphere. This process, however, may be unlikely, as the Venusian atmosphere is stratified,
beginning with a layer of haze at approximately 30 km and several different layers of clouds up
to 70 km [Esposito et al., 1983]. The stratification suggests a degree of stability, although it
does not entirely restrict the diffusion of species from the upper to lower portions of the
atmosphere. Although the effects of photochemistry cannot be entirely dismissed,
thermochemical equilibrium, and not photochemistry, will be assumed to control the fugacities
of the gases in the near-surface atmosphere.
Free energies of formation (AGf), the essential component in the thermodynamic
calculations, were taken from the JANAF tables [Chase et al., 1985]. Calculations were always
performed for the following three temperatures: 740K, 720K, and 700K. These temperatures
were chosen because they closely represent the elevations (or technically planetary radii) of
6051.4, 6054.0, and 6056.6 km, respectively (Table 4.2). The three elevations listed are
significant in terms of the radar emissivities of Venus. At 6051 km, a high emissivity is
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Table 4.2: The temperatures and pressures of the near-surface Venusian atmosphere [Kliore et
al., 1985].
Radius Temperature Pressure
(km) (K) (*C) (bars)
6048 766.1 493.1 118.642
6049 758.4 485.4 111.364
6050 750.7 477.7 104.532
6051 743.0 470.0 98.12
6052 735.3 462.3 92.10
6053 727.7 454.7 86.45
6054 720.2 447.2 81.09
6055 712.4 439.4 76.01
6056 704.6 431.6 71.20
6057 696.8 423.8 66.65
6058 688.8 415.8 62.35
6059 681.1 408.1 58.28
6060 673.6 400.6 54.44
6061 665.8 392.8 50.81
6062 658.2 385.2 47.39
6063 650.6 377.6 44.16
6064 643.2 370.2 41.12
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generally observed, while at 6057 km, a low emissivity is usually observed. The elevation of
6054 km is the most important of the three, as it closely approximates the transition zone from
high to low emissivity. Inherent in the different elevations and temperatures are differences of
atmospheric pressures, with pressures of 96, 81, and 68 bars extrapolated for the temperatures
of 740K, 720K, and 700K, respectively. On occasion, thermodynamic data were calculated at
680K, corresponding to a pressure of 58 bars and an elevation of 6059.1 km.
Free energies of formation for the various species in the JANAF tables are given for every
100K increment. Over very large temperature ranges, the data show non-linear trends. In
plotting the data over a short temperature range of 600 to 800K, however, the trends are nearly
linear. For the temperatures of 720K, 740K, and 680K, the free energies were calculated from
the linear equation determined by the values at 700K and 800K. The only exception was S2,
which has a non-linear trend even over short temperature ranges. In the case of SO2, the data
were extrapolated directly from a plot of the free energies from 600 to 800K. Although this
process may be crude, most of the uncertainty in the thermodynamic calculations will not come
from the thermodynamic data, but rather from the uncertainty of the mixing ratios of the gases
in the Venusian atmosphere. The equations used to calculate the free energies are presented in
Table 4.3.
All of the reactions to be considered are complicated by more than one gas being present in
the equilibrium expressions. To calculate the fugacity of one gas, one or more of the other
fugacities must be specified. Further complications arise when fugacities are calculated for
different levels of the atmosphere. With changes in both temperature and pressure, all of the
fugacities will change, but one or more of the fugacities must be initially specified before the
other fugacities can be calculated. To calculate the initial fugacities, the highest gaseous mixing
ratios were assumed to remain constant with rising elevation. From a mixing ratio and a given
pressure, a fugacity can be calculated. For example, Table 4.4 gives the fugacities and mixing
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Table 4.3: Equations used to generate the free energy of formations for the various minerals
and gases pertinent to Venus' mineralogy. The equations were derived from the thermodynamic
data provided by the JANAF tables [Chase et al., 1985].
Mineral or Gas
Fe3O4
FeS2
Fel..S
S2
CO
Cos
Co2
So2
0.31119
0.07128
0.00068
-0.12529
-0.08979
-0.07296
-0.00188
0.01050
Equation
* T(K) - 1101.609
* T(K) - 186.970
* T(K) - 107.879
* T(K) + 110.265
* T(K) - 110.665
* T(K) - 147.112
* T(K) - 394.082
* T(K) - 306.770
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Table 4.4: Calculation of the oxygen fugacity assuming a CO2 mixing ratio of 0.965 and a CO
mixing ratio of either 10 or 40 ppm.
96.5% C0 2,
fco
9.60x10-4
8. l0x1O4
6.80x104
5.80x104
10 ppm CO
fo2
1.38x10 21
1.07x10-22
7. 15x10*
4.07x1O*
Log fA
-20.86
-21.97
-23.15
-24.39
96.5% CO2 ,
fco
3.84x10-'
3.24x10-3
2.72x10-'
2.32x10-'
40 ppm CO
f0,
8.64x107'
6.68x10*
4.47x10 2
2.55x102
Total
Pressure
(bars)
96
81
68
58
Temp.
(K)
740
720
700
680
fco2
92.6
78.2
65.6
56.0
740
720
700
680
fco,
92.6
78.2
65.6
56.0
Log f,
-22.06
-23.18
-24.35
-25.59
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ratios for the equilibrium values between CO2, CO, and 02 for two different mixing ratios of
CO. In the calculations, the mixing ratios for CO2 and CO were assumed to remain constant
with ascending elevation. The calculations reflect that the mixing ratio of 02 decreases with
increasing elevation. The mixing ratios of CO and CO2 fail to reflect the change in the 02
mixing ratio because the amount of 02 that reacts with CO to form CO 2 is very small. Likewise,
if the CO mixing ratio is decreased from 40 to 10 ppm, the change is not reflected by the large
mixing ratio of CO 2-
Sulfur Dioxide: The Pyrite/Magnetite Stability Fields
Thermodynamic arguments [Klose et al., 1992] suggested that magnetite is weathered to
pyrite above the critical radius of approximately 6054 km by the following reaction:
Fe30 4 + 6 SO2 + 16 CO - 3 FeS2 + 16 CO2. (4.9)
Several points may be raised concerning this reaction, however. First, although the
thermodynamic calculations predict the formation of pyrite, pyrrhotite could form from a similar
reaction involving SO2 and CO via the following reaction:
Fe3O4 + 3 SO2 + 10 CO - 3 Fe..S + 10 CO2. (4.10)
The reason why the formation of pyrite from magnetite is favored over the formation of
pyrrhotite from magnetite should be addressed. Second, the formation of pyrite was predicted
to occur at a fractional oxygen deficiency of 2.6x105 . This value was chosen only because it
represents the fractional oxygen deficiency at the magnetite/pyrite boundary at 720K, which is
a subjective criterium. Finally, the behavior of S2 was overlooked by Klose et al. [1992]. As
previously shown by the thermodynamic calculations, the mixing ratio of S2 experiences a
substantial increase when the pyrite stability field is entered, but the increase is not explicitly
illustrated by reaction 4.9. The purpose of the following thermodynamic calculations is to find
other thermodynamic factors which govern the Fe oxide and sulfide mineralogy. The results of
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the calculations to be performed will clarify several of the calculations and conclusions of Klose
et al [1992].
The stability fields for magnetite, pyrite and pyrrhotite were calculated for the reactions of
4.9 and 4.10. Several unambiguous conclusions may be drawn from the results (Table 4.5 and
Figure 4.11). First, given the mixing ratios for CO2 and S02, CO must have a mixing ratio of
8 ppm if the pyrite stability field is to be entered at 720K. As a comparison, the oxygen
deficiency value of Kiose et al. [1992], which provided the magnetite to pyrite conversion near
720K, indicated a CO mixing ratio of 12 ppm. Both of these mixing ratios are lower than the
20 to 40 ppm that is generally accepted for the Venusian atmosphere [Oyana et al., 1980;
Bzard et al., 1990]. According to Figure 4.11, pyrite would be the stable phase in the presence
of 20 to 40 ppm CO and thus would be the stable Fe phase over most, if not all, of Venus. Two
possibilities are confronted: either the conversion of pyrite to magnetite at 6054 km and 720K
is constraining the CO mixing ratio to values lower than expected, or else a CO mixing ratio of
20 to 40 ppm is indicating that pyrite is stable over most of Venus. If pyrite is stable over most
of Venus, and is not producing a loaded dielectric at the lower elevations, then the problem
becomes how to increase the amount of pyrite to form a loaded dielectric at the high elevations.
The pyrrhotite/magnetite boundary curve is the upper boundary curve in Figure 4.11.
Relative to pyrite, pyrrhotite requires a relatively higher fo for stability. A reason, however,
does not exist to apply one stability field over the other based upon only the CO and SO2
fugacities. Pyrite and pyrrhotite cannot be simultaneously stable, and to determine which
mineral is stable requires knowledge about the fs of the atmosphere. The only definitive
statement that can be made about the stability of magnetite, pyrite, and pyrrhotite from Figure
4.11 (and hence reactions 4.9 and 4.10) is that for CO mixing ratios below the pyrite/magnetite
boundary curve, magnetite is the stable phase. Above this boundary curve, any of the three
minerals may be stable. In this capacity, the reactions of Fe20 4 with SO2 and CO are inadequate
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Table 4.5: Calculation of the CO mixing ratios needed to enter the pyrrhotite or pyrite stability
fields when magnetite is weathered by 185 ppm S02 and CO.
0.25 Fe304 + 1.5 SO2 + 4 CO - 0.75 FeS2 + 4C0 2
96.5% CO2, 185 ppm S02
Temp. (K) Kfco fso, fco CO, ppm
740 5.33x1021 92.6 1.78x102 1.55x10-3 16
720 6.06x102 78.2 1.50x10-2 7.61x10" 9
700 7.91x102 65.6 1.26x102 3.59x104 5
0.25 Fe30 4 + 1.5 SO2 + 2.5 CO - 0.75 Fe,..S + 2.5 CO2
96.5% C02, 185 ppm SO2
Temp. (K) Kfco fso2 fco CO, ppm
740 1.93x1013 92.6 1.78x102 1.93x10-3 20
720 1.03x103 78.2 1.50x10-2 1.0310-3 13
700 5.29x1014 65.6 1.26x102 5.29x104 8
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Figure 4.11: A phase diagram indicating the amount of CO required to weather magnetite to
pyrite or pyrrhotite (assuming 185 ppm S02).
167
for predicting the stability fields of pyrite, pyrrhotite and magnetite.
Gaseous Sulfur: The Pyrite/Pyrrhotite Stability Fields
The first step in determining whether pyrite, pyrrhotite, or magnetite are stable on Venus
is to calculate the conditions under which pyrite and pyrrhotite are stable. The following
expression gives the pyrite/pyrrhotite boundary curve is as follows:
FeS.XS + 1% S2 "FeS 2. (4.11)
Equilibrium calculations of reaction 4.11 produce the sulfur fugacities under which pyrite or
pyrrhotite is stable (Table 4.6 and Figure 4.12). Reaction 4.11 also implies magnetite cannot
be stable. For magnetite to be absent, however, oxygen (gas and anions) would have to be
removed from the system, which is inappropriate for Venus. As a consequence, attempting to
predict the occurrence of pyrite or pyrrhotite solely on the basis of ft would lead to an incorrect
conclusion. The only statements that could be made are negative statements, i.e., if theft falls
below the pyrite/pyrrhotite boundary curve, then pyrite cannot be formed. Pyrrhotite may or
may not be formed at this relatively low ft, as magnetite cannot be ruled out to exist anywhere
on the pyrite/pyrrhotite phase diagram. To also determine the stability of magnetite, the f, of
the system must be considered.
Gaseous Oxygen and Sulfur: The Pyrite, Pyrrhotite, and Magnetite Stability Fields
Mechanisms by which pyrrhotite and pyrite can be formed from magnetite are given by the
following reactions:
Fe304+ 3S 2 * 3 FeS2 +20 2  (4.12)
Fe304 + 3/2 S2 * 3 Fe..S + 2 02. (4.13)
To calculate the stability fields under a given ft and fa, assumptions about the fugacities have
to be made. The ft was calculated based upon the f., and the fa was calculated by assuming
168
Table 4.6: The sulfur fugacities defining the pyrite/pyrrhotite boundary curve.
Fe..S + 0.5 S2 - FeS2
Temp. (K) Ke A Log f
740 3.27x102 9.35x1O-' -5.03
720 5.99x102 2.78x10' -5.56
700 1.14x10 7.73x10-7 -6.11
680 2.24x10W 1.98x10- -6.70
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Figure 4.12: A phase diagram indicating the sulfur fugacities under which pyrite or pyrrhotite
is stable.
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equilibrium between CO and CO2 . Two mixing ratios were used for CO. The 10 ppm of CO
was chosen because this is the approximate value where the pyrite field was entered at 720K for
the weathering of Fe30 4 by SO2 and CO (reaction 4.9). The 40 ppm of CO was used based
upon arguments presented in Chapter 2; 40 ppm represents a conservatively high value. The
results of the calculations assuming 10 ppm are presented in Table 4.7 and Figure 4.13, while
the calculations assuming 40 ppm are given in Table 4.8 and Figure 4.14. Also plotted in
Figures 4.13 and 4.14 is the pyrite/pyrrhotite boundary curve (which appears as a dashed line
in the remaining figures).
Using Figure 4.13, the appropriate phase boundary curve in Figure 4.11 may be identified.
In Figure 4.13, the pyrrhotite/magnetite boundary curve is located in the pyrite stability field,
relative to the pyrite/pyrrhotite boundary curve. The implication is that if pyrrhotite were to
form at these fa conditions, the formation of pyrite would ensue, which makes the
pyrrhotite/magnetite boundary curve irrelevant. Hence, the pyrite/magnetite boundary curve
describes what Fe phase will be formed at a given fs with 10 ppm CO present. One other
aspect to note about the pyrite stability field is that in the presence of oxygen, the size of the
pyrite stability field has decreased (i.e., a higher fa is required before pyrite can be a stable
phase).
Figure 4.14 is interesting because the pyrite/magnetite and pyrrhotite/magnetite boundary
curves intersect at exactly the same point where they intersect the pyrite/pyrrhotite boundary
curve. At this point of intersection, pyrite, pyrrhotite and magnetite are stable and form a
"triple point". At temperatures above this "triple point" (-712K), the pyrrhotite/magnetite
boundary curve is always above the pyrite/magnetite boundary curve, both of which are above
the pyrite/pyrrhotite boundary curve. This ensures that any sulfide being formed is pyrite. At
temperatures below the "triple point", the pyrrhotite/magnetite and pyrite/magnetite boundary
curves reverse themselves. Since both lie beneath the pyrite/pyrrhotite boundary curve,
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Table 4.7: The sulfur fugacities defining the pyrite/magnetite and pyrrhotite/magnetite boundary
curves when the oxygen fugacities are based on a CO mixing ratio of 10 ppm.
Fe3 0 4 + 3 S2 & 3 FeS2 + 2 02
Temp. (K) K, f02  A Log f.
740 4.31x10-4 1.38x1021 7.62xlO -4.12
720 1.67x10-" 1.07x10-" 1.90x1O4 -4.72
700 6.13x10-3 7.15x10* 4.37x10- -5.36
680 2.12x10-31 4.07x10- 9.21x104 -6.04
Fe30 4 + 1.5 S2 ' 3 Fe1 .S + 2 02
Temp. (K) Kfa Log f.
740 1.23x10-" 1.38x102 6.22x104 -3.21
720 7.75x10-3 1.07x10* 1.30x104 -3.89
700 4.16x10* 7.15x102* 2.47x105 -4.61
680 1.88x1041 4.07x102* 4.27x10- -5.37
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Figure 4.13: The pyrite/magnetite and pyrrhotite/magnetite boundary curves assuming a CO
mixing ratio of 10 ppm. These boundary curves are also shown relative to the pyrite/pyrrhotite
boundary curve.
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Table 4.8: The sulfur fugacities defining the pyrite/magnetite and pyrrhotite/magnetite boundary
curves when the oxygen fugacities are based on a CO mixing ratio of 40 ppm.
Fe3O4 + 3 S2  3 FeS2 + 2 02
Temp. (K) Kef f Log f&
740 4.31x10' 8.64x104' 1.20x1O-' -4.92
720 1.67x10' 6.68x10-V 2.99x1O' -5.52
700 6.13x10-" 4.47x10*- 6.88x 10-7 -6.16
680 2.12x10-" 2.55x10- 1.45x10-7 -6.84
Fe3O4 + 1.5 S2 wa 3 Fei.xS + 2 02
Temp. (K) Kef fA Log fs
740 1.23x10-" 8.64x10*- 1.54x10- -4.81
720 7.75x10* 6.68x10-" 3.21x10 -5.49
700 4.16x10* 4.47x10 6.12x10-7 -6.12
680 1.88x104 2.55x10-2 1.06x10-7 -6.97
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Figure 4.14: The pyrite/magnetite and pyrrhotite/magnetite boundary curves assuming a CO
mixing ratio of 40 ppm. These boundary curves are also shown relative to the pyrite/pyrrhotite
boundary curve.
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pyrrhotite becomes the stable Fe sulfide until the pyrite/pyrrhotite boundary curve is reached.
Above the pyrite/pyrrhotite boundary curve, pyrite is stable. This analysis now raises an
interesting point. Which boundary curve in Figure 4.11 is relevant at the "triple point"? There
is no answer, which serves to demonstrate that for determining the stability fields of pyrite,
pyrrhotite, and magnetite, the S2 and 02 fugacities must be used, and not those of SO 2 and CO.
As may have been noticed from the equilibrium constants of reactions 4.12 and 4.13, the
reactions are not spontaneous. To form a Fe sulfide from magnetite, S2 must be present with
CO. This is reflected in reactions 4.14 and 4.15:
Fe30 4 + 3S 2 + 4 CO - 3 FeS2 + 4 CO 2  (4.14)
Fe30 4 + 3/2 S2 + 4 CO - 3 Fe1-S + 4 CO2. (4.15)
To calculate the f. for these reactions, the constant mixing ratios for CO were chosen to be 40
ppm and 10 ppm, just as for reactions 4.12 and 4.13. With these values, and the constant
mixing ratio of 0.965 for C0 2, the calculated sulfur fugacities were exactly the same values as
observed for the previous reactions (cf. Tables 4.9 and 4.10 with Tables 4.7 and 4.8). The
equal fugacities are expected, and is a situation similar to that of calculating the magnetite and
hematite boundary curve. In reactions describing CO reacting with Fe2 0 to form Fe30 4, or 02
reacting with Fe3O4 to produce Fe20 3, the calculated boundary curves are found to be at the
same f0. for each case. Finally, if reactions 4.14 and 4.15 are reversed, they represent
weathering by CO2. These reactions, however, are not spontaneous, lending further doubt to
the experiments of Fegley et al. [1990, ,1991, 1993].
Venus and the Pyrite, Pyrrhotite, and Magnetite Stability Fields
Having established the boundary curves for the pyrite, pyrrhotite, and magnetite stability
fields, the ft of the Venusian atmosphere needs to be calculated to determine which mineral is
176
Table 4.9: Reactions with a negative free energy which could weather magnetite to pyrite or
pyrrhotite. The CO fugacities correspond to a CO mixing ratio of 10 ppm.
Fe304 + 3S 2 + 4 CO v&3 FeS2 + 4CO2
Temp. (K) K, fa fco fs Log fs
740 1.95x10" 92.6 9.60x104 7.62x10-3 -4.12
720 1.27x10M 78.2 8.10x104 1.90x104 -4.72
700 1.04x10" 65.6 6.80x1O4 4.37x10- -5.36
680 1.11x10" 56.0 5.80x104 9.21x10-7 -6.04
Fe3O4 + 1.5 S2 + 4 CO v 3 Fej.S + 4 CO2
Temp. (K) K, fco, fco fs2 Log fs
740 5.59x10& 92.6 9.60x104 6.22x104 -3.21
720 5.88x102 78.2 8.10x104 1.30x10 -3.89
700 7.07x10' 65.6 6.80xl0 2.47x10- -4.61
680 9.84x107 56.0 5.80x104 4.27x104 -5.37
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Table 4.10: Reactions with a negative free energy which could weather magnetite to pyrite or
pyrrhotite. The CO fugacities correspond to a CO mixing ratio of 40 ppm.
Fe3O4 + 3 S2 + 4 CO v&3 FeS2 + 4 CO2
Temp. (K) K, fc fco As Log fs,
740 1.95x1032  92.6 3.84x10- 1.20x10-Y -4.92
720 1.27x10' 78.2 3.24x10-3 2.99x10- -5.52
700 1.04x10" 65.6 2.72x104 6.88x104 -6.16
680 1.11x10" 56.0 2.32x104 1.45x1O4 -6.84
Fe3O,4 + 1.5 S2 + 4 CO v 3 Fej.xS + 4 CO2
Temp. (K) K, fco2 fco A Log fA
740 5.59x102 92.6 3.84x10-3 1.54x10-5 -4.81
720 5.88x102 78.2 3.24x10- 3.21x10-* -5.49
700 7.07x1026 65.6 2.72x104 6.12x104 -6.12
680 9.84x10" 56.0 2.32x10-3 1.06x104 -6.97
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stable at a given temperature. Because the mixing ratio of S2 in the Venusian atmosphere is
relatively small, S2 was not detected by any of the Venera or Pioneer Venus gas chromatography
or spectrometer experiments. The only remaining alternative is to calculate the fs,- from
thermodynamic principles. A S02 mixing ratio was measured by the Pioneer Venus and the
Venera 11/12 GC experiments, and an approximate fa can be calculated from the accompanying
CO measurements. Consequently, the following reaction was used to calculate the fs:
SO2 -a % S2 + 02. (4.16)
The fs is dependent upon the SO2 mixing ratios, of which two are available. Pioneer Venus
obtained a mixing ratio of 185 ±43 ppm [Oyama et al., 1980], while Venera 11/12 obtained a
mixing ratio of 130 ±35 ppm [Gel'man et al., 1979]. The Pioneer Venus mixing ratio will be
used to calculate f., with dashed lines reflecting the uncertainty of the measurement. A lower
limit of 100 ppm SO2, based upon the Venera data, will also be considered as well. As in the
above calculations, where a CO mixing ratio of 10 and 40 ppm were assumed, the fo will be
calculated based upon these mixing ratios.
The results of the calculations are tabulated in Table 4.11 and illustrated in Figures 4.15 and
4.16. The first feature to be contrasted between the two figures is the large effect the mixing
ratio of CO has on the fa. An increase of 30 ppm CO, from 10 ppm, increases the ft by two
orders of magnitude. The SO2 mixing ratio does not influence the f. nearly as much, as
indicated by the dashed lines in Figure 4.16. These analyses demonstrate the importance of an
accurate CO mixing ratio, while showing that a certain amount of uncertainty in the SO2 mixing
ratio is not as crucial.
The significant feature of Figures 4.15 and 4.16 is where the f. curve intersects the
pyrite/magnetite boundary curve. For the ft curve assuming 40 ppm CO, the two curves
intersect each other near an extrapolated temperature of 770K. If the constraints (40 ppm CO
and 185 ppm SO2) which produced this graph are true, then pyrite would be stable over most
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Table 4.11: Calculations of sulfur fugacities assuming thermochemical equilibrium between SO2,
02, and S2. The oxygen fugacities are based on the mixing ratios of 10 or 40 ppm CO.
S02 & 0.5S 2 + 02
10 ppm CO, 185 ppm SO2
Temp. (K) Kq fso fA A Log fA
740 1.88x1022 1.78x10-2 1.38x10-21 5.85x10-* -5.23
720 3.67x1O* 1.50x10-2 1.07x10O 2.64x19 -4.58
700 6.52x10*' 1.26x10-2 7.15x10* 1.32x104 -3.88
680 1.05x10- 1.07x102 4.07x10- 7.61x10 -3.12
40 ppm CO, 185 ppm SO2
fso fA A Log A
740 1.88x10' 1.78x10-2 8.64x10* 1.49x10- -2.83
720 3.67x10' 1.50x10-2 6.68x104 6.77x10-' -2.17
700 6.52x10*' 1.26x10-2 4.47x10- 3.37x10-2 -1.47
680 1.05x10 1.07xI1 0-2 2.55x10-2 1.95x10-1 -0.71
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Figure 4.15: The sulfur fugacities observed given the mixing ratios of 185 ppm SO2 and 40 ppm
CO. The sulfur fugacities are in the pyrite stability field over the entire temperature range
shown, indicating pyrite would be stable over most of Venus if 40 ppm CO existed in the
Venusian atmosphere.
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Figure 4.16: The sulfur fugacities observed given the mixing ratios of 185 ppm SO 2 and 10 ppm
CO. The sulfur fugacity curve intersects the pyrite/magnetite boundary curve at 723K. The
dashed curves represent upper and lower estimates to the SQ mixing ratio (228 and 100 ppm,
respectively). These curves intersect the pyrite/magnetite boundary curve at 725 and 715K.
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of Venus's surface. A totally different result is obtained if 10 ppm CO and 185 ppm S02 are
assumed. In this case, the f, curve and the pyrite/magnetite boundary curve intersect each other
at 723K, which is approximately the transition temperature observed for the change of high to
low emissivity on Venus. The error associated with the uncertainty of the S2 mixing ratio
(±43 ppm), is +2K. If a lower limit of 100 ppm SO2 is assumed, then the transition
temperature is lowered to 719K. For any case, the importance of S2 and CO in the formation
of pyrite from magnetite has been identified. All that remains is if the mixing ratios of S2 and
CO needed to form pyrite are consistent with the mixing ratios calculated from the Venera and
Pioneer Venus data.
Consistency of the Carbon Monoxide and Sulfur Mixing Ratios
In attempting to determine whether the above model is accurate, the mixing ratios that
provided the "right" answer should be compared to values obtained independently of the
thermodynamic calculations. In Chapter 2, several sources of CO mixing ratios were provided.
To summarize, the Pioneer Venus GC reported values of 32 ppm (+62 ppm, -22 ppm), 30 + 18
ppm, and 20 ±3 ppm at the elevations of 51.6, 41.7, and 21.6 km [Oyama et al., 1980]. The
Venera 12 GC processed 12 samples between 42 km and the surface for an average value of 28
+7 ppm [Gel'man et al., 1979]. The Venera 13/14 missions reported a mixing ratio of 18 +4
ppm between 58 and 35 km. And finally, the "Kontrast" experiment gave a lower limit ratio
of 10 ppm [Florensky et al., 1983ab]. The 10 ppm of CO required for the transition near 720K
is slightly lower than all of the above mixing ratios. Most of these samples, however, were
measured at altitude and the values do span a range of values, albeit outside of 10 ppm. Based
upon where these ratios were measured and the wide range of values reported, a mixing value
of 10 ppm at the surface of Venus is not unrealistic.
While not measured directly, a mixing ratio of 8x10- had been calculated for S,, [San'ko,
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1980]. Most of the allotropes of S have significantly lower mixing ratios than the 80 ppb. At
the temperatures of Venus, and the partial pressure of S, in the atmosphere, S2 has the highest
mixing ratio of any other allotrope (Figure 4.17). To estimate the mixing ratio of S2, the mixing
ratio of S3 was estimated from the absorption spectra from 0.45 to 0.60 ym taken at several
elevations by Venera 11 and 12. The S3 allotrope was chosen because its change in partial
pressure (in equilibrium with the other allotropic states) is similar to the change in the absorption
coefficient of the S,, sample from 600 to 1200K. Absorption spectra for a range of S mixing
ratios were computed and then compared to those gathered by the Venera spacecraft. The best
agreement occurred for 80 ppb (Figure 4.18), which in conjunction with Figure 4.17, gives 80
ppb S2. The mixing ratios of the allotropic states with respect to various elevations are shown
in Figure 4.19. In Figure 4.19, the S2 mixing ratio is observed to be relatively constant at
< 30 km, while the S3 increases by an order of magnitude from 0 to 26 km. [San'ko, 1980]
Table 4.12 presents fugacities and mixing ratios for S2 and S3. The S2 fugacities are those
which were calculated assuming 185 ppm SO2 and a fo, based upon 10 ppm CO. The S3
fugacities were calculated from these S2 fugacities with the following reaction:
3/2 S2 & S3 - (4.17)
If the results of Table 4.12 and Figure 4.19 are compared, the f3 rises much faster in Table
4.12, while in Figure 4.19, the f. is observed to fall slightly. Note, however, that the mixing
ratios at 0 km agree favorably with each other (61 ppb to 80 ppb for S2 and 1.Ox1O-14 to 1.9x1040
for S3). Only at higher elevations do the values diverge. The divergence of the two values
might occur because the calculation for the total gaseous S content can only be made with "the
assumption of low rates for chemical reactions including sulfur participation as compared to the
rate of establishment of thermodynamic equilibrium between the sulfur modifications" [San'ko,
1980]. If oxygen were not present in the system, the assumption would be valid, but as the
reaction between S2 and 02 in reaction 4.16 implies, this is probably not the case.
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Figure 4.17: The partial pressure of the sulfur allotropes versus temperature given the following
total partial pressures of sulfur vapor: 10' atm (a), 10 atm (b), and 1 atm (c). Each allotrope
is designated by a number corresponding to the number of S atoms in its allotropic form (i.e.,
2 represents S2). The dashed lines indicate sulfur saturation. [San'ko, 1980]
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Figure 4.18: A comparison of the measured spectra of the Venusian atmosphere (dashed lines)
with the spectra calculated based on various total gaseous sulfur contents (solid lines). The
numbers correspond to the following total gaseous sulfur mixing ratios: 1) 5x10', 2) 8x10', and
3) 1x104. [San'ko, 1980]
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Figure 4.19: The variation of the mixing ratios for the allotropic states of sulfur with increasing
altitude. The amounts of the allotropic states are based upon a mixing ratio of 8x10-' for S2.The dashed line at 52 km represents sulfur saturation. [San'ko, 1980]
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Table 4.12: Fugacities and mixing ratios for S2 and S3.
assuming 185 ppm SO2 and 10 ppm CO.
The sulfur fugacity is that obtained
1.5 S2 * S3
Mixing Mixing
Temp. (K) Kq A Ratio A Ratio
740 0.685 5.85x10' 6.09x10- 9.69x10* 1.01x10"10
720 0.863 2.64x10-Y 3.26x1O4 1.34x104 1.65x104
700 1.014 1.32x10 1.94x10' 1.67x10' 2.46x1O-'
680 1.426 7.61x10 1.31xlO- 2.99x10-Y 5.16x10-
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Two means have been presented to calculate the f& of the Venusian atmosphere. The first
method relied upon the mixing ratios of SO2 and CO, while the second method relied upon the
mixing ratio of S3 . The difference between the two is that the SO2 and CO mixing ratios- were
determined from direct experimental measurements, while the S mixing ratio was determined
indirectly by computing absorption spectra curves to compare with the actual spectra obtained.
After the mixing ratios had been established, both methods similarly called upon equilibrium
constraints to calculate the fA. The values which ultimately command the most confidence are
those which were based upon the measurements with highest degree of accuracy. Due to the
errors involved in approximating an absorption spectra, an exact fit was never obtained for the
S3 spectra, nor were the changes of slope at 0.5 ym correctly predicted for the 8 and 16 km
spectra. Because the mixing ratios of SO 2 and CO are known to a higher degree of accuracy,
the discrepancy between the f& values at higher altitudes is not of concern to the f& calculated
using the SO2 and CO mixing ratios. However, because the discrepancy between the two
methods cannot be identified, and because the magnitude of change of f8 with rising elevation
in Table 4.12 and Figure 4.19 are not similar, the agreement at 0 km may be no more than a
coincidence.
The Pyrite Stability Field and the Low Emissivity Regions on Venus
The stability fields generated in the earlier sections do not prove that pyrite is responsible
for the low emissivity regions on Venus. The calculations only suggest that pyrite is stable at
temperatures above 720K, provided that C0 2, CO, 02, SO2 , and S2 are in equilibrium with each
other and that the mixing ratios reported for these gases are accurate. Whether sufficient pyrite
is weathered from magnetite to form a loaded dielectric cannot be determined from these
calculations. The only conclusive result that could have been obtained is a negative result. For
instance, a negative result would have been that pyrite is not stable at the high elevations of
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Venus and therefore could not be responsible for the low emissivity of Venus. This conclusion
was not reached, and as a result, pyrite remains a viable candidate to be responsible for the low
emissivity regions.
Areas of Low Emissivity at Low Altitudes
In addition to the low emissivity regions at high elevations, areas of low emissivity have
been associated with several impact craters below 6054 km. The existence of the low emissivity
craters existence is fortuitous. The impact craters provide another feature that must be accounted
for by the same theory that explains how the regions of low emissivity are produced at the high
elevations. If the low emissivities are due to volume scattering, then it is difficult to construe
why volume scattering should occur at some impact craters, but be absent at others. The
remaining alternative is to produce the low emissivities via a loaded dielectric. In this section,
a model shall be put forth that explains how a loaded dielectric could be formed at some impact
craters, but not at others.
The Frequency of Low Emissivity Impact Craters
To produce the low emissivities at the impact craters, a loaded dielectric will be created with
electrically conducting Fe-Ni sulfides. The source of Fe and Ni forming the sulfides in the
loaded dielectric is to come from the projectile that created the impact site. Impact sites formed
by Fe and Ni-rich projectiles have been documented on Earth. A meteorite with a diameter of
4 km struck Sudbury 1.85 billion years ago that produced an impact crater with a diameter of
50 to 60 km. The projectile that created the crater is believed to be an iron meteorite, which
provided Fe and Ni that was later converted to pentlandite and pyrrhotite when basaltic magma
intruded the crater and deposited the Fe and Ni sulfide ore on the perimeter. [Dietz, 1964] The
only difference between the probable mechanism of the metal sulfide formation at a Venusian
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impact crater and how pentlandite and pyrrhotite were formed at Sudbury is the source of S.
On Venus, the S for the Fe-Ni sulfide can be provided by the Venusian atmosphere, while at
Sudbury, the S was provided by the intruding magma.
The Rochechouart impact crater in France was also formed by an iron meteorite. The
meteorite which created the 30 to 40 km crater contained 94.5% Fe and 5.5% Ni [Janssens et
al., 1977]. Remnants of the meteorite are indicated by the relatively high Ni content of the
breccia. Unfortunately, the greatest Ni content detected was 700 ppm [Lambert, 1977], which
is insufficient to create a loaded dielectric. Spherules, containing Ni metal, were not recovered
because of weathering and oxidation of the metal over the past 165 million years.
A different situation arises for the Barringer crater in Arizonia in which metallic spheroids,
ranging in size from microscopic to 4 mm in diameter, have been recovered [Kelly et al., 1974].
The spheroids contain 13 to 22% Ni, but whether enough spheroids are present to create a
loaded dielectric is questionable. Despite the difficulty in producing a terrestrial impact site with
a high Fe and Ni content, however, the situation on Venus under which the impact craters were
created is different than that on Earth. Hypothetically, differences in the density of the
atmosphere, temperature of the surface, etc., could alter how the material of the projectile is
retained and distributed at the impact site.
An important aspect for the formation of an Fe-Ni sulfide at an impact crater is that it should
not be expected to occur at every crater. As a consequence, some craters will be expected to
have low emissivities, while the remaining craters will have the high emissivities typical for the
low regions of Venus. In a sampling of craters on Venus, 16 out of 144 craters surveyed had
areas of low emissivity (i.e., their emissivity fell below 0.8) [Weitz et al., 1992]. Assuming the
projectiles that struck Venus are similar to the meteorites that have been categorized, not all of
the projectiles will contain Fe and Ni metal. Meteorites typically belong to one of four classes:
irons, stony-irons, chondrites, and achondrites (the achondrites and chondrites are also referred
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to as stones). Inherent in the differences between the classes of meteorites is the amount of
metal present in the meteorites. The irons possess -90% metal (by weight percent), the stony-
irons - 50% metal, the chondrites -10% metal, and the achondrites - 1% metal [Henderson,
1982]. The irons and stony-irons, with their rich metal content, are the best candidates to form
a loaded dielectric at the impact site. The other important statistic regarding the irons and stony-
irons is their fall frequency. Irons and stony-irons have fall frequencies of only 3.3 and 1.3%,
respectively [Henderson, 1982]. If the fall frequencies of the irons and stony-irons are
representative of the projectiles that struck Venus, then why some impact craters have low
emissivities, while others do not, is apparent.
The Gaussian Distribution of Crater Emissivities
In an attempt to establish a correlation between the number of impact craters on Venus that
have a low emissivity and the number of meteorites rich in Fe and Ni, a statistical analysis was
conducted on the sample of 144 craters. In the survey by Weitz et al. [1992], the emissivities
were calculated for craters only larger than 30 km in diameter. In an area covering over 89%
of Venus' surface, 164 craters were found to meet the 30 km criterium. Of those 164 craters,
20 were eliminated because they were at high elevations (< 6053.5 km). The emissivities for
the craters were determined by calculating the emissivity within rectangular boxes on the crater
floors, with attempts made at avoiding central peaks and inner rings. For the 144 craters, 11
craters were calculated to have emissivities below 0.8. Five additional craters were found to
have a variable emissivity across their floors, with at least some part of the crater having an
emissivity below 0.8. These craters are categorized in this data set by their lowest emissivity.
The treatment provided to the variable emissivity craters is justified because to establish that a
crater has been created by a meteorite rich in Fe and Ni metal, only some area of the crater must
have a low emissivity. Table 4.13 lists the emissivities recorded and their frequencies.
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Table 4.13: The frequency of emissivities observed at 144 low elevation impact craters. The
probability values were calculated to estimate the parent distribution in Figure 4.20. As
indicated by the confidence intervals given below, the frequency of emissivities are not a good
representation of a single parent distribution.
Emissivity Frequency Probability
0.905
0.895
0.890
0.885
0.880
0.875
0.870
0.865
0.860
0.855
0.850
0.845
0.840
0.835
0.830
0.825
0.820
0.815
0.810
0.800
0.790
0.785
0.775
0.760
0.755
0.745
0.735
0.725
0.720
0.715
0.705
0.690
0.665
0.620
Average emissivity
Standard deviation (iN-1)
Maximum frequency
chi-squared
0.751
0.706
0.660
3.52
4.61
5.18
5.75
6.31
6.85
7.34
7.77
8.13
8.41
8.60
8.69
8.67
8.55
8.33
8.03
7.64
7.19
6.68
5.57
4.43
3.88
2.87
1.67
1.37
0.88
0.54
0.31
0.24
0.17
0.09
0.03
0.00
0.00
0.843
0.0459
8.69
114
0.935
0.981
1.03
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To support a statistical connection between the number of low emissivity craters and the
number of metal-rich meteorites, the distribution frequency of the impact crater emissivities was
investigated. The distribution assumed to describe the frequency of the emissivities was
Gaussian, as a Gaussian distribution is simple and most often describes the distribution of
random events [Bevington, 1969]. The objective in describing the frequency of emissivities by
a Gaussian distribution is that if the emissivities cannot be described by one distribution, then
there must be at least two distinct ways of producing the emissivities of the craters. The two
distinct ways of producing impact craters on Venus are with projectiles rich in metal versus
projectiles poor in metal.
For the first statistical analysis (Table 4.13), the average emissivity and standard deviation
were calculated for the 144 craters. Evidence that more than two events are needed to create
a random distribution is that four emissivities are outside the 99.7% confidence interval (-3a),
and one emissivity is outside the 99.994% confidence interval (4a). The histogram of Figure
4.20 is also a poor representation of the parent distribution because the reduced X2 is 113. A
reduced x2 near 1 indicates that the distribution is a good representation of the parent
distribution.
The above results establish that the 144 emissivities represent more than one random
distribution. To determine the distribution of craters which can be produced through one type
of event (or projectile), the lowest emissivity value from the sample was removed and then the
reduced x2 recalculated for the new distribution. The distribution that created the reduced x2
closest to 1 was considered to be the true distribution that most closely approximates the parent
distribution. With respect to the emissivities of the craters, the larger parent distribution would
represent craters created from projectiles low in Fe and Ni metal, while the distribution of the
emissivities removed from the original 144 crater sample would represent events that involved
an iron or stony-iron projectile.
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Figure 4.20: A histogram of the emissivity values for the sample of 144 impact craters. The
curve represents the expected parent distribution.
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The lowest reduced X was obtained for the sample size of 136 craters (Tables 4.14 and
4.15, Figure 4.21). The average emissivity of this group is 0.852, the standard deviation is
0.0285, and the reduced X1 is 1.09. The 95.4% confidence interval extends to 0.795, of Which
six emissivities (4.4%) are beyond, the 99.7% interval extends to 0.766, of which three
emissivities are beyond, and the 99.994% interval extends to 0.738, of which none of the 136
emissivities is beyond. The eight emissivities which fall below 0.738 and had been removed
from the original sample of 144, now form a new distribution which is representative of craters
formed by iron or stony-iron projectiles. The percentage of these eight craters out of the sample
of 144 craters is 5.6%, or only 1% higher than the percentage of the combined fall frequency
of the irons (3.3%) and stony-irons (1.3%).
Although the statistical results are favorable, they do not prove that Fe and Ni in iron and
stony-iron projectiles are responsible for the low emissivities of the impact craters at low
elevations. Other events or mechanisms could explain the emissivity distribution for the 144
impact craters. Given the statistical analyses and the example presented by the Sudbury,
Rochechouart, and Barringer craters, though, the formation of a loaded dielectric with an iron
or stony-iron projectile provides at least one explanation for the emissivities of the craters.
The Fe-Ni Sulfide Formed at the Low Emissivity Craters
At the elevations of the impact craters, pyrite is not stable. As a consequence, two
possibilities exist for producing a loaded dielectric at the craters: 1) pyrite is metastable at the
low elevations or 2) some other mineral with a high electrical conductivity is forming a loaded
dielectric. The sulfur fugacity/pyrite experiments indicated that pyrite cannot be a metastable
mineral outside its stability field on Venus. In these experiments, pyrite was rapidly converted
to pyrrhotite. The rapid rate of pyrite to pyrrhotite conversion makes it impossible for pyrite
to exist at the craters for geological time scales.
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Table 4.14: The average emissivity, chi-squared, and standard deviation for the various sample
distributions produced by the removal of the lowest emissivity values. The emissivities at the
95.4, 99.7, and 99.994% confidence intervals are also given.
Craters Average X2 ON-1 "2aN-1 "3 0N-1 4N-1
144 0.843 114 0.0459 0.751 0.707 0.660
143 0.845 8.26 0.0421 0.761 0.719 0.677
142 0.846 2.88 0.0394 0.767 0.728 0.689
141 0.847 2.01 0.0372 0.773 0.736 0.698
140 0.848 1.87 0.0353 0.778 0.742 0.707
139 0.849 2.06 0.0336 0.782 0.748 0.715
138 0.850 2.12 0.0318 0.786 0.755 0.723
137 0.851 1.56 0.0301 0.791 0.761 0.731
136 0.852 1.09 0.0285 0.795 0.766 0.738
135 0.853 0.775 0.0270 0.799 0.772 0.745
134 0.853 0.649 0.0258 0.802 0.776 0.750
133 0.854 0.388 0.0246 0.805 0.780 0.756
132 0.855 0.369 0.0237 0.807 0.784 0.760
130 0.856 0.289 0.0222 0.811 0.789 0.767
129 0.856 0.281 0.0215 0.813 0.792 0.770
128 0.857 0.291 0.0210 0.815 0.794 0.773
127 0.857 0.300 0.0206 0.816 0.795 0.775
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Table 4.15: The statistical analysis on the sample distribution once the lowest eight emissivities
had been removed from the original sample of 144 craters.
Emissivity
0.905
0.895
0.890
0.885
0.880
0.875
0.870
0.865
0.860
0.855
0.850
0.845
0.840
0.835
0.830
0.825
0.820
0.815
0.810
0.800
0.790
0.785
0.775
0.760
0.755
0.745
Frequency
1
2
6
7
6
13
9
6
13
8
15
8
12
5
4
6
1
5
1
1
1
2
1
1
1
1
Probability
2.47
4.46
5.73
7.13
8.61
10.08
11.45
12.60
13.45
13.92
13.97
13.60
12.83
11.74
10.42
8.96
7.48
6.05
4.74
2.66
1.32
0.89
0.37
0.08
0.04
0.01
Emissivities omitted: 0.735, 0.725, 0.72, 0.715, 0.705, 0.69, 0.665, and 0.62
Average emissivity
Standard deviation (aN-1)
Maximum frequency
chi-squared
0.795
0.766
0.738
0.852
0.0285
14.0
1.09
0.909
0.937
0.966
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Figure 4.21:
curve.
A histogram for the sample of 136 craters with its expected parent distribution
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If the mechanism of a loaded dielectric is to satisfactorily produce the low emissivities over
the entire planet, other minerals must be found to form a loaded dielectric. Perhaps the most
natural candidate to form a loaded dielectric at the impact craters is a pyrrhotite and pentlandite
assemblage, as this assemblage is observed at Sudbury. The dielectric constant of the pentlandite
and pyrrhotite ore from Sudbury has been measured at 1 GHz and was reported to be > 20 (an
exact value could not be reported due to the extremely high electrical conductivity of the sample)
[Nozette, 1982]. Given the high electrical conductivity of the pentlandite and pyrrhotite
assemblage, these minerals could form a loaded dielectric at the impact craters of Venus.
Before suggesting pentlandite and pyrrhotite can form a loaded dielectric at the impact
craters, the stability fields of the minerals have to be established. In contrast to the conditions
at Sudbury which created the pentlandite and pyrrhotite assemblage, pentlandite and pyrrhotite
may not be stable under the conditions found at the low elevations of the impact craters on
Venus. The phase diagrams of Figures 4.15 and 4.16 indicate pyrrhotite will be unstable at the
low elevation temperatures for any reasonable mixing ratio of CO.
The stability of pentlandite is also in doubt. Figure 4.22 shows pentlandite after heating with
Ag or FeS2/Fe..S in an evacuated cell for 3 weeks at 475*C. For a relatively low fs,
pentlandite appears to be stable. When pentlandite is heated with the FeS2/Fei..S buffer for 3
weeks, however, all of the Fe in the pentlandite has disappeared, as there is no absorption of
y-rays (in reality, the Fe has not disappeared, but rather an amorphous product has been
produced whereby the Fe is no longer capable of absorbing y-rays). The heating of pentlandite
with FeS2/Fe..S has one limitation because it provides a higher fs than that expected for Venus.
Hence, pentlandite could be stable, but because the f. of the Venusian atmosphere is expected
to be near the pyrite stability field, pentlandite is probably unstable.
The sulfide phase diagram of Figure 4.23 provides alternative minerals that could form a
loaded dielectric, assuming that these Fe and Ni sulfides also have a high electrical conductivity.
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Figure 4.22: M6ssbauer spectra indicating the stability and instability of pentlandite when heated
in a relatively low and high f., respectively. The experiments were conducted at 475*C for 3
weeks in evacuated cells.
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Figure 4.23: A phase diagram suggesting a number of Fe/Ni sulfides that might be able to form
a loaded dielectric at the low elevation impact craters [Craig and Scott, 1974].
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The diagram is presented to emphasize that the instabilities of pentlandite and pyrrhotite are not
nearly as important as the projectile which could deliver Fe and Ni to the impact site to form
a loaded dielectric. Given the sulfur in the Venusian atmosphere, some type of Fe-Ni sulfide,
with a high electrical conductivity, could probably be produced to form a loaded dielectric from
the Fe and Ni metal. Although no further insight can be provided as to the specific Fe-Ni
sulfide that would produce the loaded dielectric, the fate of the Fe and Ni provided by an iron
or stony iron projectile should not be lost because pentlandite and pyrrhotite are unstable at the
lower elevations of Venus.
Conclusion
The results of Chapter 4 demonstrate the difficulties in explaining the areas of low emissivity
on Venus. The first obstacle is that the Venusian atmosphere is difficult to simulate in the
laboratory. Experiments using the evacuated cell technique may constrain the fugacities of
interest and may control impurities, but equilibrium in the evacuated cell may prevent a reaction
from occurring. On the other hand, experiments performed by Fegley et al. [1990, 1991, 1993]
are associated with problems too. The high amounts of 02 in the CO 2 should not be dismissed
as being negligible. Furthermore, the thermodynamic arguments involving the weathering of
pyrite by CO 2 and CO to form COS should also be treated with caution. The COS mixing ratio
used for the thermodynamic argument represents the COS fugacity at 32 km. The mixing ratio
of COS is relatively small and hence is not expected to remain constant from 32 km to the
surface. A variation in the COS fugacity was not accounted for in the thermodynamic
arguments.
Thermodynamic calculations, which assume thermochemical equilibrium and that the effects
of photochemical reactions are negligible, led to more successful results. In contrast to the
previous thermodynamic calculations of Klose et al. [1992], the thermodynamic calculations
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performed in this study demonstrated that the fugacities of 02 and S2 may vary with changes of
elevation in the Venusian atmosphere. The variation of these two gases was found to have
profound effects on the pyrite, pyrrhotite, and magnetite stability fields. Of greater signifidance,
and of more importance to the areas of low emissivity, was the magnetite to pyrite phase
transition at 720K, or at nearly the elevation at which the high to low emissivity transition
occurs. The only reservation about the thermodynamic results is that 10 ppm CO is required
to constrain the 02 and S2 fugacities observed for this transition at 720K. As examined in
Chapter 2, the CO mixing ratio is expected to be slightly greater than 10 ppm. The possibility
exists that the mineralogy of Venus may provide better constraints on the gaseous mixing ratios
than the in situ measurements of the Venera and Pioneer Venus probes.
Finally, an attempt was made to explain the low emissivities at the craters below 6054 km.
Metal from the projectiles that the created impact craters was suggested as a source of material
to form a loaded dielectric. At least two problems exist with this model. First, the mineral
forming the loaded dielectric has not been determined, as a pentlandite and pyrrhotite
assemblage, which is observed at Sudbury, was dismissed as being unstable on Venus. The
second problem is that the amount of Fe and Ni from the projectile needed to form a loaded
dielectric may not be capable of being delivered to the site. Despite these shortcomings,
however, the statistical analysis performed suggests that the projectile model is reasonable. In
addition, no other suitable explanations have been provided to explain the low emissivities of the
craters.
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Chapter 5
Conclusion
As a result of the studies presented, the forefront of Venusian mineralogy has been advanced
in the following manners. First, an experimental technique was developed that could accurately
constrain the oxygen and sulfur fugacities that are believed to exist in the Venusian atmosphere.
Second, experimental studies were conducted that eliminated the possibility that hematite or
laihunite could produce the high reflectivity observed in the near IR of the Venusian rocks.
Third, oxyamphiboles and oxyannites, two types of minerals that might be able to produce a
high near IR reflectivity, were shown to be stable under most circumstances. In those
circumstances where oxyamphiboles and oxyannites were apparently unstable, the reasons for
their apparent instability were identified. Fourth, the role of CO2 as a weathering agent of pyrite
was demonstrated to be insignificant. Fifth, the stability fields of magnetite, pyrite, and
pyrrhotite were determined with respect to the fugacities of 02 and S2. Thermodynamic
calculations demonstrated that the fugacities of 02 and S2 vary with altitude. The variation in
the fugacities of S2 and 02 can lead to a magnetite to pyrite conversion at 6054 km (720K), or
at the elevation at which the transition from high to low emissivity occurs. And finally, sixth,
a mechanism which could produce a loaded dielectric at the low emissivity impact craters was
proposed, and further supported by statistical analyses.
Chapters 2 and 3 tried to resolve the inconsistency between the presence of a Fe"-bearing
mineral, which could provide a high near IR reflectivity, and the presence of a Fe3'-bearing
mineral under the reducing conditions of the Venusian atmosphere. Unfortunately, the nature
of this problem is such that a certain mineral can only be proven to be unstable under Venusian
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conditions, and therefore could not be responsible for the reflectance properties of Venus. In
this regard, both hematite and laihunite were eliminated as possibilities.
The oxyamphiboles and oxyannites were usually found to be stable under Venusian
conditions. Two situations were identified in which the Fe3+ of the oxy-minerals can be
reduced. In the first case, the Fe3 + present in the oxyamphiboles was reduced only in the
kaersutite samples containing 100% Fe3+, with the Fe3 + present in the outer oxide layer of the
kaersutite being reduced. In the second case, the Fe3+ in the oxyannites was subject to reduction
only if a large number of vacancies were present. Upon heating, OH-, associated with the
vacancies, react to form H2 0 and 02-, with the 02 subsequently available to reduce Fe3+.
Little uncertainty exists about the stability of the oxyamphiboles and oxybiotites. There are,
however, other questions that remain about oxyamphiboles and oxyannites fulfilling the role of
the mineral(s) that produces the high reflectivity in the near IR. For instance, the oxidation of
the hydrous minerals to form their oxy-equivalents is of concern. Attempts were made to
produce an oxyamphibole using S2 as an oxidizing agent, but the M6ssbauer and reflectance
spectra provided negative results. One possible explanation for the negative results is that the
evacuated cell technique may provide limitations on the study of minerals under Venusian
conditions. The evacuated cell provides a closed environment. If S2 formed H2S through the
oxidation of an oxyamphibole, only a certain amount of H2S could be formed before equilibrium
is achieved and the further production of H2S and Fe3 + is inhibited. Experimentation, which
overcomes the limitations of the evacuated cell technique, needs to be developed to determine
if oxyamphiboles can be formed by S2 in the Venusian atmosphere.
Demonstrating that oxyamphiboles and oxyannites are stable on Venus does not resolve the
question of what is causing the high near IR reflectivity of the Venusian rocks. While a
definitive answer regarding the high near IR reflectivity cannot be provided by the stability
studies of oxyamphiboles and oxyannites, the existence of oxyamphiboles and oxybiotites on
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Venus is exciting because of the problem regarding Venus' reservoir of H20. The surface and
atmosphere of Venus are both very dry. The recent study which demonstrated that Venus may
appear dry because of H20's high affinity for basaltic magma and a low number of outgassing
events has implications regarding oxyamphiboles and oxyannites. If oxyamphiboles and
oxyannites were shown to exist on the surface of Venus, the hydrous amphiboles and annites
would have to be produced at depth where water existed. After crystallization and being
transported to the surface through a magmatic event, the minerals could form their oxy-
equivalents. In addition to being minerals that could possibly produce a high near IR
reflectivity, the existence of the oxyamphiboles and oxyannites may also have implications
concerning Venus' H20 reservoir. For these reasons, studies involving oxyamphiboles and
oxyannites should continue.
Chapter 4 addressed the inconsistencies between the study of Klose et al. [1992], which
predicted the stability of pyrite at elevation, and those of Fegley et al. [1991, 1992a,b, and 1993]
which predicted pyrite is weathered by CO2. The results of Chapter 4 demonstrated that CO 2
does not determine the stability of pyrite, but rather the stability of pyrite is affected by the
variation in the fugacities of S2 and 02. Thermodynamic calculations were able to show that the
fq, if thermochemical equilibrium exists between SO2 and 02, intersects the pyrite/magnetite
boundary curve at 720K, which is representative of the elevation at which the change from high
to low emissivity occurs. The fs and relevant pyrite/magnetite boundary curve were calculated
assuming a mixing ratio of 10 ppm CO. In Chapter 2, when the redox condition of the
Venusian atmosphere was being constrained, the CO mixing ratios being cited from the Pioneer
Venus and Venera missions were generally 10 to 30 ppm higher. The slight discrepancy
between the thermodynamic results and the in situ measurements of CO is of concern. It should
be noted, however, that the mineralogy of Venus may be the best means of constraining the
fugacity of several gases, such as CO, 02, and S2 (i.e., those with a small fugacity whose mixing
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ratios were difficult to measure). Evidence that this approach should be considered comes from
the GC experiments of the Pioneer Venus and Venera missions. As demonstrated by their highly
inaccurate 02 mixing ratio measurements, the in situ measurements can be subject to error.
If a lower than expected mixing ratio of CO is accepted, then the depolarized radar signals,
which lead to the suggestion of volume scattering, needs to be addressed. One aspect of the
formation of pyrite that has not been mentioned are the volume changes associated with the
phase transitions. For instance, one mole of magnetite occupies 45 ml, while one mole of pyrite
occupies 24 ml. If magnetite is initially present in freshly erupted rock at high elevations, then
the weathering of one mole of magnetite will produce three moles of pyrite (reaction 4.14), and
hence the volume change is 45 ml to 72 ml. Such a change in volume may result in the erosion
of rocks, such as that which occurs when water freezes on Earth. In this manner, geometrical
configurations might be obtained that could possibly result in volume scattering. Such a
mechanism may merit study, as it could bridge the gap between the evidence that suggests
volume scattering produces the areas of low emissivity, and the other evidence that suggests a
loaded dielectric is responsible for the areas of low emissivity.
Also presented in Chapter 4 was a means to produce the low emissivity impact craters.
Room for work in this area exists as well. While the statistical analyses gave support for the
Fe and Ni of the impact projectile eventually leading to a loaded dielectric at the impact site, the
occurrence of pentlandite and pyrrhotite, such as at the Sudbury crater, is unsuitable for the
craters of Venus. Further studies should concentrate on: 1) determining whether a projectile
can actually introduce enough Fe and Ni to produce a loaded dielectric and 2) finding Fe-Ni
sulfides that have a high electrical conductivity and are stable given the probable atmospheric
constraints of the Venusian atmosphere. Although no progress was made on identifying the
mineral forming the loaded dielectric at the impact crater, the mechanism appears viable and is
successful at explaining how a low emissivity can be observed at a low elevation.
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